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We have succeGsfiilly deiaOD«tnted aft array of monoUthic. sin^«-fi-equeney 
distribuied-Bragg-rcflector (DB 
wavelengths. The l^ere were 




vegufcleMucTs operating near IS36 nm 

by forming waveguides in Yb/Er-co-doped 



phosphate glass by ion exchange. The slope efficiency for each Iwcr as a ftuicdon of 

\ 

launched pmnp power is 26 % and the thresholda occur al 50 mW of launched pump 
power. An oui|iut power of 80 mW was achieved w^th 350 mW of coupled pump power. 
Each laser exhibits stable operation on a single longit^uiinal mode and aU have linewidths 
less than 500 kHa. A comb of waveguides with varyfaig effective indices allows the 
selection of wavelength using a single^perlod grating. 
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We describe b ihis letter ke fim rqwiied moaoliUUc single-frequency disiributed- 
Bwgg-teflector (bBR), wavegSdde Insers in Yb'*/Bi^*-coKloped phosphaie flass. Over 
the p«i several years, tbe groWth in the demand for bandwidth generated by new 
teleoommumeation services. cabl\ television (CATV), and data communication has 
driven tiie mpid development ofWavelengtii division mulriplexing (WDM) where 
fafonnatiou is simultaneously tauisi^ed on several different wavelength, in the same 
optical fiber channel. The development gf WDM. .ystetns hu placed demands on lastr 
soMTces that are diffleult to meet «s4- eidsling technologies .uch as semioonductor 
distributed feedback (DFB) lasers. to\ues of concern for such systems include 
wavelength selectivity, wavelength sU 
power Umitations, and costs. 

Integrated, ainglcfrcquency. «olid4<i^asers tiAvg the Er»* ion offer a very 
promising and competitive alternative to DFB lasers for use in fuiwe WDM 
communication, systems and for CATV. Sevei den,onst«tions of the waveg«ide »)d 
fiber laser technology have been discussed in the litc«tun:."» One prin«„y advantage of 
«.lld-sute waveguide lasers is fl«t they offer the pllbility for amiys of laser, operating 
on rnany w.vele„gths „n a ringle glass chip. RareJdisloped waveguide lasoi. can also 
provide kijohcrt^ linewidihs with high radiance, low nW and easy co^pli^g to optical 
fibenJ. 

Single-transverse-mode waveguides at 1535 nm waveLgth were fabricated in a 
commercially available phosphate alkali glass that was co J^ped with 0.99 xlO«> Er 
ions/cm3..d3.97xlO-Yb- ions/cm^'■• Pho^hate glass isyety good host material 
for yttcAlum and eibium ions since the sensitizaHon efficiency\s nearly unity and large 




{(P 



61016/030 



SCHOTT GLASS TECH R8.D 



Jan 14,00 13:50 No. 003 P. 20 



1 I * 



afcVAniftvpifiiN , L,Ui>iUtikiH{i p WOES 



1^019/(130 



I k • < 



m 

n 



doping ooncentratio&s are possible bcfbre the onset of conceatrotion qucncbiog.^ The 
guides were formed by mn exchange of fbr Na*^ using line apertures 3 to B ^ixn wide 
etohed in a 200 nxn thick ahuxununi mafik layer. The exchange tiuie was 4 hours In on 



aluminum crucible coi 



molten KNO3 at 375 ^C. Inspecdon of die samples using 



refiraccivc near*field scanning after the ion exchange revealed that the regions of the glass 
suiihco concsponding to fhe location of the mask openings had become recessed by 
approximately 1 fim during the exbhange process, TbemMhanlsm behind the etching 
of the glasfi during the exchange is cmrently under investigation, and we think h is caused 
by residual water in the l^groscopic nitrate melt^ The surface quality of the glass in the 
recessed regions, as obseryed u&iqg a lOOOx nomsrski contrast microscope, appears 
identical to the original surface o^^^glass and apparently does not cause significant 
scattering losses. \ 

The wAve^de end faces were polished perpendicular to the ohaimeU. The Imgth of 
the waveguides prior to the gratii^ fahricatiori cr^ was 2JZ cm, Measuiemenu of the 
waveguide mode-field dimensions showed that>a sii^le transveise mode was supported in 
each of flie waveguides. For the guide fbncned with the 6*5 mask qierture, the l/e 
full-widths of the mode^field intensity wore 16 junwide by 11 fim deep at 1.54 fim 
wavelength. It supported muldpio transverse modes at the 977 nip pump wavelength. 
However , when the device was laslng. the pump ener^ was confined primarily within 
the lowci^t order tranfivcnse mode, which had l/c dimensions of 13 ^m wide by 9.5 \im 
deep. All measurements of the intensity profile are within^an estimated experimental 
error of ± 10%, 
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A OBR mrfaoe relief grating was fUbriceted hologniphlQally in a 0.5 ixixi thick layer 
of Shipley 1 80S' photoredst usin^ ft 90^ comor split a oollimatod la^er beam Into tw 
beam^.* ' The comer was n^ounted on a rotation stage so that the angle of ihe two beom^ 

eould be vario(L One surface of the Vomer was a mixror, and the other aurfaoc was a 

\ 

vacuum chuck for holding the sample. Ugbt fiom a 4S7.8 nm Ar-ion laser was spatially 
fllteted by focusing througlh a IS pinnule using a 20x objective lens. 

The beam was coUimated using a 76 mm diameter lens with a 350 mm focal lengih. The 

\ 

exposure angle was ^et to write a grating wifh a pitch of A S07.B nm. For a waveguide 

\ 

with csiimaied cfifeotive Index of 1.515 ± O.opa, thj^ pitch should provide laser operation 
at X 3bl 538.6 nm ± 3 nm. . The exposure time\for the photore£ist was 18 a with 3.85 mW 
incident in each arm on the 0.44 cm' exposed region (0.8 cm long x 0.S5 cm wide), Tlie 
grating was developed in undiluted Shi^f^^CD^^O* developer. During fiie development, 
Che dif&action of li^t fiom a 632*8 nxn HeNe laser was monitored*^^ When the first-order 

\ 

dififraoted powei* reached a peak, the granny was removed, rimed, and dried. 

\ 

Before transferring the photoresist patcem into the glass by Ar«ion iputtering, we 

d^ositcd 40 ima of Cr on the surface with the apecimen inclined 60^ to the cleoinn^beam 

\ 

evaporation souroc* Mounting the specimen in this way caus^ Cr to accumulate only on 
the tops of the grating lipcs axid not In the grooves, thus providing a dmiBblc etch mask. 
We etched the grating in the glass for 20 minutes using a reactive ion etching system with 
a 6.67 Pa (50 mTorr) Arson plasma^ The low-pressure\plastna created a large fielf*blas 
voltage of 1700 V when running at 365 W of couplod power with frequency 13.5 MHz. 
The eloctrtKle spacins was 3^ cn>. After etGhing, the samnle was cleaned ulcrafionlcally 
in photoresist stripper at 85 "^C- Figure 1 1$ an illustration of the eompleted DBR laser 
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«rr»y. An •tomie f xtie miproscO|je micro-gniph of b typical firati&g etched In this type gf 
pho^hate glt$s ctca b found ia reVeRnce (1 1]. 



The waveguido luer wvitiM Were fonued by pUcins a thin, highly refleoUns 
(K-99.J>% at 1540 nm. R-15% at 97^ nm) dieloetric miiror on the pump input ftedt. Tte 
mirror was held in piece by a spring cljp. and fadex-matcWpg fluid was used beiwem the 
mirror and the waveguide ftcet. The Abr gwtiiig was used « the W output coupler. 
We tested the laser by eo^pUn8 M^x ftoln a Ti:AlaO, Iwer tuned to a wavelength of 977 
nm using a 4x objective lea, ^th a numLaJ aperture of 0.1. "me launchii« efficiency 
wa, estimated to be between 65 and 71 piccut. To determine the launching omdeticy 



^ we measured the Fr^nel reflectance of ^ i.put mim,r, th<» lo«, cf the launching 

f** objecUve, and the excess coupling loss. kLc 2 shows the laser output power as a 

flmction of iBuached pump power ao^^^Apectnun of fixe laser. The waveguide 
dJflusion apeourc for this waveguide was 8 A The slope efficiency as a fimctlon of 
launched pump power is calculated to be 26 pei^i^t when we take the coupling f«tor to 
be 71 pcxcent. 

We ert^ated the rellcctance of the grating uslng\he simplified laser fom»ula derived 
from the theory Of Rigiod:" 

■^'^ ' (1). 

where Is tt. output power at the grating end and A the ou^.ut power at the „d 
opposite the grating, i.. the gating „flccta„,. ^ ^^^^ 

» W We used two mirrors with reflectances of BO and 9^— for It,. For both 
cases we calculated the gmOafi r^flcetanpo. H,, to be 65 pejcent 
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To inve^gate the loo^tutf ina] mode structm of the laser we coupled die laser output 
into an optical fibor &caxiiuug]FBbiy Perot mterrerometer with % free Bptotnl nnge of 1 24 
OHz. Figure 3 shows that the vaser operalod on a single longitudlxial mode When the 
coupM puiUp power did not e^ed 300 mW, Tho laser was robustly single Crequeacy 
with TE polaiizatioji^ and no tno^c hopping was ob&erved. Tho inset in Figure 3 shows 



fhat a second longitudinal mode appeared when the coupled pump power exceeded 300 
tn W, In this pump reghiie^ tho lasc* was unstable and exhibited mode hopping^ ainglo- 
ftwjucncy operation, and dual-froqufecy operation. By measuring the 'frequency spacing 
between the longitudinal modes we dijennuiod (hat the physical leogOa of the Im cavity 
wafi 1.4 cm, 

We measured the linewldth of the IbsW using a conventioiial lelf-hetaodyae 
eonfigumtion wjth a 75 MHz ^cc^udQ^^* The paQt length difference between the 
two urns was 10 km ooncapondmi^^s^JiniffrtdA resolution limit of 30 kHz for a 
gaiwsian line shape. " Optical isolator were ^ed in both aznv: to prevent Optical 
linewidth necnwins due to feedbaiik; howoverW output end of the Lisea- WM apt 

beveled. Figure 4 shows the self-heterodyne spei^tnun. The laser Uncwldtb we obtained 
froM thig measurement was SCO kHz. 

Finally, we measured the laser wavelengths of o\hcr waveguides on the chip ludng an 
automatie spectrum analyser with a resolution of 0.1 )m. Seven of the eleven 
waveguides on the chip erfiibited laser osciUation. ThLaveguldes fonned through Ibe 
smaller apertures did not achieve threshold because the Lailcr mode volumes cai»ed a 
reduotioa of the gain such that ihe 45 peroent transmittanck loss of grating pould not bo 
overcome. Figure 5 shows the change in wavelength trend \s we seaoaed the 
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waveguides. The wavelcugtU IncrBases as the difiuKi n aperture width inorea$fifi, which 
is consistent with iiicreaiiing effective Index ^ the a|^erture width Increases. 

tn eondMion, wc have d^oustiBXcd an array of hlgb power, robustly sln^^le- 
frequency, iategratcd, DBR wavdguldo lasm opcntiiig near 1536 nm wavelength. The 
slope efficienoies of the lasers are z6 percent based on laUDChed puiiip power^ and the 
threshold is less than 50 mW when J^m^ped at a wavcleO£th of 977 nm. The linewidOis 
of the lasers were measured to be 500 kHz« and the ouQ)uts were linearly polarised in a 
TB mode. We arc ourrontly Investigadog the temperature stability of the lascn and the 
relative intensity noise (RIN). Wo csxpW that with diode laser pmnping, the RIN will bo 
similar to other results prcspjWed for single-fl-equcnry fiber lasers and will fcU below - 

150 dB/liz above IQ MI^/^ We anticipate that the output power and efficient^ will 

\ 

increase and the threshold power will decree when the gratia£ reflectance is inoreased 

\ 

This is possible with only mingr adjustments to the grating fabrication process. Further 
improvements wiU also be realized by directly coatiiig the high reflector oaco the 
waveguide end facets. We have shown that iLets with several ott^ut wavelengths can 



be integratod oa a single glass subsinie. This <Iefflonstratioti shows that stable, multi- 
wavelength, WDM sources with wavelengths falling on the Intenuitional 
Talecommunicatlons Union (ITU) grid can be r«lize<J by writing several gratings of 
varying period in Yb/Er-co-doped glass waveguidL foimed by ion exchange. 
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17Q nV^ ew at 1540\iki frpm «n abtum'^tteilihmi oi>*dopcd gLis£ vtrvve^^dfi Uw 
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Compact ftolid iutto bund oq ihe 1 «5 iad Er^ tmsUoa hoM proml^ «9 louron fyr opclcft' 
llb«r conununl«Bdoo tynenu. Yb^ U commot&i^ usod is t teniltiztf lo Ec^ Luert becftu^ tc has « mucb 
Ur|«r absorption ctom sectJoo ncnr 980 nm tbad^Ei^i and k eftickatlly tnmdbn in oxcltod MCa cocrsy to 
ihc upper level of ihc &>* ias^ Tlie Ei^Yb** gius waveguide laser, in partfcular, bas teveral advantaacs 
over lasers In Br^-doptd or Er^/Yb^*co^p«d 

exchsnsed wavcfuidet cm be &brioated in gtuMs^vith large ytteiblxiai coDcenntions ( «-5<-l5 lb) wbteh 
all^s tlK device* CO be aubstaotiaUy shorter than fw lasm. Thi* results In lower polarization and output 
power nofse, caused by OietmU aod me^fasnlcBl nre«4nduced blreftli^ence, and a smaller devite volume. 
Shoit 1-2 cnO laser cavhles art also of interest because oftZie pobsotial for reallztng hi^ pu|U rcpctlQ'oo 
mu (OHxJt pwJvely mode^loekcd lasers. Unlike bUlic devices, waveguide lasers can be desifliad to 
operste In a single transverse mode bodepexxdent of the opcrsting power or piunp laser transverae mode 
profltff. and do not require the aligooKnt of bulk nurror^^ In iddltlon, the mode field sizes In wave£Uldes 
ean be destencd to closely maich those of optica! fiber f^r cfflcjent cotq^Un^ whh tiber optic systems. One 
disedvAntace of Ef' /Vb'* ^ waveguMe lasan. diis pobu, has been the relsHvaly low output 
powers (up to a few mfll,watu'-^ available from A^B^thn^ts. EdovMsed Output power will fretfiy expand 
Sr^^i^'^Sll phospbST^ass J^S^r 



ri^ii^ of output power at amimd 1540 nm for 6i 1 ttW of latrohed pump powerTt 

WavcguldcB wens fibricatcd bi a commenslally availeble phosphate eless ' The was oo. 

were fortned by K -Na cachangethroug^ • 200 mniblck Al a% l^yef whh channel ^pttm amoS 
ftvm3to8|miinwidth, Thec«haneeoccuftedinaIWOi,nieliar375*Cfbr4boiTOlnan Alcnw^ 
Tlie lestr results reported k« are fbr a 6.5 im wide mask vcrtunk Inspection of the samples efter bn 

T^ J^^^^ ^ COiiiiisponding to IhO loSZ of^iSL 

opening* bad become tecessod by one to two mlcnms during the Bcctuatfe pioee«. the widths of Se^ 

?!riI!H.T;? ^ •f*^ "Hi*™ *n depth, -nie 

The rolhietive Index as s fiuKtlon of posWon witfiin the exchaheed sample was anaYvud ^i.^* m 
wevegulde fornipd wW, the 6.i ^ mftjk npermre for a wavelength if5«W TWs iHS^ -luL 

«?p'eS^^^^^ "'"^'^^ val-^dctermlnsd wiiS^^ 

The trans vene modes of the waveguides were diancterized by ooUDlIn^ Uihr m ^ tim^i^»*k 

«ifir-r*<J c«ncr». THe uneenain^y gf the mode dlwewlans dettlmhShisbe MO % tS^ 

dcviM njpponBd t dngle tnnsvene mode .1 lun havinc dimemlwis of Miwn wlTL VvL^ 
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tbfl device w»x Usbf. the pump noiy ww ponfioed prhnaH^ vdtUa die Idwm order noivorse 
piode which hsd dbneasloiu of £.4 |Un wde !]y 3.6 >&iu doep, 

Tbft device WKS pumped wllli e\ri^:KS|pf hire lesei. The WAve^uide User cavities were formed by 
placing thtn diclecnic sUsnwe cm polmed wive^ulde end fiioes. The mhtm ^wm held in plaoe }ry 
imaU apria^ clips, end ladfiX naerdtigg oUVas used bctw&ca the lahror end waveguide end Woe to reduce 
lo^oefi. T^ptinip tftMX V^Uittcbedthro^ftboiieofiVieinir^^ The buer 

ou4>u( efld unebtorfacapunip weip conimctMi Vfiib e 16X miooaeope ol^eotive end sepermted u$!ci£ fihen. 
The User ceviQr Mms 20 mm to leoeOi. The mhrvr dim^ which ifae pmap whi UimAed had riflecdv1iie« 
or>99.9^ end l$%Bt 1536 i»d 980 nnuremctivdy. The ompia coupler ha4«fvtlecdvlo^or60% at 
1 5)6 nfl) aod truADhsed IS of the inoldesuyuinp power. Neldier fte Whvcgulde length nor ihe eevi^r 
output coupling has been opdmlxed. Tlic ImaM^dng elBcleDcy wms e«timaied to bo ^ 7 1 Inchidlag losies 
due Co the transmluloji of the input mirror end Uuo^Uf otJecUve. The lew ouq>ut power ehenderisriGs 
for rivo difrerent pump w^velen^is ore Dlustra^ b Figure 2. When puii4)ed sc 979 am. the Uuncfatd 
pump power ttuesbold was 51 mW. A ttuaOmwcn ouQiut power of 168 mW was obblned for (I I mW of 
Uunched 979 cun pump power. A lower threshold oould be oblafaied ty tuottig the pump User off of Ihe 
Vb ab«orpt£on pealL For ■ pump wtvelei^ off 60 obw the threshold w&& 23 mW, The vlope efneiency 
for both pump WBvelenphtf was *28 * \ • 

Ufilng the broad band cavfty desi^twd above, tho Er^/yb^ User uiuoUy operated at levcial 
wavclcni^ jltouhancoudy. A^Ica) laser ipectnmihowioe ilButaaeous opmaloaat 1^ WO 7 
and 1544.8 mnb depicted to Figme 3. tlie wavelenftt^Oofoperttion couW bcahlfted by pas$|iig 
Ac conunaied 1.5 ^ U&er output fluoufih e pftoi and rrdocting it back biou^ the priem and into ihc 
waveguide uilng a dielectric Ttts limned a weak^y^UpUd, eacftiel ca^^^ By lOiaUng the Dilsm 

ltwaspo$lIbleiopitiducewavt?lc04^raa^frcMnl536lolSWi^ 6^1. 

A common feature of maiy three level nrpjcAh Ujcrs Is sustained relaxation osellUilotu whJcb 
can be caused by small fluocuAUons in the pump taSer powcr> Fluctuatioiis in output power at fiequancles 
ftoging from - 0.5 to 1 4 MHz were observed t^f^Si-fawr. The ampUnide of the fluctuations demased 
with pimp power. Figure 4 shows the oufut power as a Rincdon of time tor pump power leveb Just ^ve 
threrfio d M»d 9,4 times liiresbotd At the lew purnp powek the output power fluctuatlotis of - SO M (peak 
to peak) of the a vcrafie power were observed. At fiie Ugh pump power, the fluctuatiobs dm^ased to^-5V. 
^ 10 peak) of the aversfie power. The T4»^»pphlfe pm^ exhlbhed ou^wpow«fluS£ns of 1 
2-3 Vm, Using a diode loser as the pucnp source should fesu^U mueb quieter operation of the Er^ User 
r w • 5^"' '^T'^ exceeding 160 mW ai 1,5 nm are noW«valUb!c ftom gUsa wftvegukle Users 
«S HSr^ fJUT^^^ *^ ejcchwge process. Impi^ijvcnwies In the waveguide i^bHeation 
^t^ VV^^ ^ waveguide geometiy (such as faicorpotiiing a field assisted ion occhante and 

S^ll^'l^^ ^ «Uustments in the ca^fS length ami outpm eS^SK^^ 

Improve the perfbrmaAce of tbeae devices, \ -^"hs. •noui« 

J E Romin. M- Henfip«ead. S. Brockloby. S. Nouh. J, S. WlOdnsoft, P, Camy. C LeftninUux and A- 
31 M^^^^^^ "•'"^'^ I-«r at M Mm pomped 6y a ^1^%^^^^ 

JD. Baibfer, J, M. DclBVaux. K L. Kyde. 1, M: Jouanne. A. KarvorWinWd P. Oastaldo Tunablllty of 
Yb/Er Uiegraicd optical Users In phosphate glass." Ampi(Perj and fhelA4fpI<^iJr% 
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Waveguide lasers and ampUfiezs In {passes oodopcd with Er^ and Yb'^ are 
promising candidates for compact^multifunctional devices operating near 1.5 ^m. The 
large gain bandwidth resulting from the inhomogeneously Imadened glass host make^ 
these devices ideal for narrow^line^soiures useful in wavelength division multiplexing 
applications. In additlorir due to the i^ort cavity lengths^ diese waveguide lasers offer 
the possibility of high repetition rate^GHz) mode-locked lasers using semiconductor 
saturable absorbers. Suc^Iaseis would-be ideal as sources for sollton commurdcationfi 
systexns. Other applicatioraSyrequiilng art eye-safe wavelength/ such as remote sensing 
and range finding,, coxild^ beivbfit £rom compact, high power cw or Q-swltched 
waveguide laser source6[)>ased on these trLaierials. Additionally, opdcal amplifiers 
offerir\g gain in the range 1530 to 1950 nm n^y be realiaed^ 

It is known that Oie Ei^"*^ concentration must be kept relatively low 1 wt %) in 
these devices in order to reduce the deleterious effects of cooperative upconversion. 
However, the concentration of sensitizing Yb^^is not limited due to any iorv*ion 
interacdorv and is expected to have a significant^^ect on device performance. Various 
auOiors have investigated this problem theoreUdally.^ In this paper we report 
experimental results for wav^ide lasers fabricated by K^-Na^ ion exchange In sOlcate 
glasses wiUi Yb»*:Ei** ratios of 3:1, 5:1^ and 8:1, In i^ddltionr we show how It is possible 



to increase the signal mode volume arui optimize Clie^pump^ignal overlap through 
judicious choice of laser host sviateriAl and ion excha^e processing parameters. Hie 
result is an Er^V Yb^- waveguide laser produclrxg as thuch as 19.6 mW at 1.54 jxm with 
39B mW of launched pump power at 974,5 nm. V . 

The devices wejre fabricated in a commercially available laser glass.^ The glass is 
a phosphoru9-free^ mixed -alkali, ^Inc silicate glass- Noiniruilly, all three glasses were 
doped with 1 wt% Er20> (0.S5 x lO^o cm-*) and the glasses'designated NICTIOA^ 
NISTIOC, and NISTIOE contain Er«':YW ratios of 3;l (2.47 x 10»5 Yb** ions cm^) r 5^1 
(4.16 X 10« cm'») , and 8:1 (6.83 x 10» cm^), respectively. The results reported were 
obtained by ion exchange through 3 tun apertures In 150 run dUck At mask layers. The 
ion exchange was carried out in a melt of 100% KNO3 for 14 hours at 400 ^C. 



' OoncritiUKton of the U-S* aovooimcAU noi Mtged co cogJ^hL 
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_ _ 'eleng:thv;ere evaluated by 

coupling a lis }im LBD iAto a waveguide while Ihe output was bnajged onto an infrared 
camera. The waveguides supported a single traxisvezBe mode of dimensions 20.5 ± 2.1 
\ia\ wide by 11 .5 ± 1.2 |un ckep (measured at the 1/e points] at signal wavelcngtfv 
Since the host ^tass Is a mlx^ alkali ^ass which contains potassium* the introduction of 
additional potassium by the Ipn ecchange process leads to a very small index change. 
As A result the optical mode is not dghtly confined. Although the ^aveeuld^ 
supported multiple tiansvcurseimodes at the pump wavdength, an examination of the 
pump mode while the device Was lasxi^ showed that only the Io%vest<order mode was 
excited, The result la exc^ent overlap between the prni^ and sigrtal modes. Ths pump 
mode measured 152 ±1.5 ^m w^de by 7.0 ± 0.7 deep. 

Waveguide losses ware estimated at 860 nnv, away horn the broad Yb^* 
absoTpdon peak. Cutback measurement^ performed on samples prepared identically to 
the laser sample Indicated an average waveguide loss of 0J25 ± 0.11 dB/on for 
NICTIOA, 0.32 ± 0.08 dB/em for NISTIOC and 0.66 ± 0.12 dB/cm for NiSnOB. The 
coupling efficiency for the pump lig^t was determined by measuring the pump 
throughput at 860 run and corr^ctingVor losses from ihe input and output optics, as 
well as waveguide loss u«ing the above reporteded loss figux«s. Coupling amclencles 
typically fell between 50% and 70.%. The coupling efficiency was assumed to be 
identica] at 660 nm and 975 run/. > \ 

For laser charactericatioA, kelectnc mirrors were attached to the polished end 
facets of thewaveguide laser s^p^plVwllh^index matching fluid and held in place by a 
small cUp. The Input mirror had a reflectaijce at 1536 nm of 99.9% and a trans^ttance 
at the pump wavelength of >90%. Various output coupler* with reQecmnces ranging 
from 60 to 98% were used. All output couplers were also transmissive at the pump 
wavelength The waveguide devices were pumped by a Tl:sapphire laser operatine at 
974.5 rnn, which is the peak of the Yb»* absorption spectrum in this glass host. Pump 

'T*? fl»c waveguide with a 4X^(0.10 NA) microscope Objective, and the 

r^X^M^ ^S* collected by a 20X objective. For signal power mea«««mettts, 
me output from U« waveguide was focused onto^an InGaAs power meter. 
<v„ »^ performance was investigated as ^function of device ien^ as weU as 

output coupler reflectance. Figure 1 shows a plot of^laser signal power vsfuvnched 

Cif rf wS.^J!^f ™P^«'^ ^^'^ ^ ionideviee fabrtaSed in 

tire glass wiOi 5 per Eifi* ion. The slope effldendes and las^ thresholds were 

tZT^^li "^J^^^^^Jr '^•^ ^'^^^^d w„ acS,^d when 

M u^T'^'^ coupler. This device laied with a launched pump 

power threshold of approximately 59 mW. The slope efficiency of this device wJs 2.0% 

7oL':^^r!^ '^T'^^ »^gh«*^^top^^ffide«cy wi^ r^SLel^ a 

^J*,"**^?^ ■* an output coupler. In this case, a Jl^e efficiency of 6^ wT 

plwer of ^^8 Jw SS!^ ^ pump power threshold of 86 m% For a launched piJl^ 
power of 398 mW, this laser produced 1 9.6 m W of output povm. 

«««««« *^^P« ^*c'wcy vs. output coupler reflectance for each host glass 
appears m Figur* 2. Data for device lengths in each glass whi^h were expariSSJuy 
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determined to give the hig)\est slope e£fulency ore plotted. Highest 
perf onnancc in e^dx host fe also compared in Table 1. 





Fig- ^X: Slnal power VB. lau&ciifid ptunu 
bower for % iM cm long device fabricSateo 
intlieS Yb: lErsllIca 



glas& 



0.76 1.00 
output (poupler fBflootefioe 

F|g C/2s Slope cfflcltnq^ v& output 
Goapler reflecilvi^ for liiseis fabricated in 
sOicfttc gilasses witti differetit YbtEr ntios. 



Table 1: Performance data for highestvalopo efficiency devices fabitcated in lOGlO 

silicate glzsB with different Yb^;BT^ dopant ratlcvs. 





Device 
length, 
(cm) 


Output couplec Slope 
Reflectance (K'K efificlency 


Launched pump 
threshold (m>y> 


Output with 
400 mW pump 
(mVV) 


3:1 


IJSO 


80 ' 5^ 


52 


17.9 


5:1 


1.68 


70 6.5 


86 


20.4 


6:1 


1.42 


70 5.0 \ 


23$ 


6.1 



The experimental results indicate that the optimAl dopant ratio Is close to 5 Yb^ 
for each Er»*. Increosbi^ the dopant ratio from 3:1 to 5:1 leads to an improvement in 
slope efficiency. Further increasing the dopant rati^^to 8:1 does not improve the 
efficiency ol the devices but does lead to a svbstantial^penalty in pump power 
requirements. Recent efforts have been directed toweu^ eTcpandins the above results 
using a rigorous scalar model developed at N15T.» In i^ddition, alteration of the 
potassium content of the host glass is being investigated as a way to adjust the modal 
volume and decrease pump threshold requirements, \ 



\ 



> D. Barbier, M. Rattay, F. Saint Andre, G. Oauss, M. Trouillon, A. Kevorkiazi, I. -M P 
Delavaux and & Murphy, I£BB Photon. Technol. Lett 9, 315 (1997) 
I r*v?' ^ Pederighi, IEEE J. Quantum Ekctton. 30 2127 (1994) 
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Abstract 

Wc present experimental and theoretical results of our recent work on the development of 

\ 

waveguide lasers using rare-earth-doped phosphate glasses. An improvement has been achieved 

\ . 

over previously reported waveguide laser results using the process of ion exchange in a 

\ 

commercially available Yb/Rr-co-dopcd phosphate glass composition? Wc have dcmonslrated 

\ 

slope efficiencies near 30 percent with output powers approaching 200wW for 1 540 nm Fabry- 

\ 

Perot waveguide lasers. These lasers arc continuously tunable over approximately 70 nni. In 

\ 

addiiioHi Yb-dopcd Fabry-Perot waveguide lasers have been fabricated and tested. These lasers 
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operate near 1 020 mil Avelenglh with slope efficiency of 67 %. We have also realized 
arrays of singlc-fi-equencVdistribuied-Bragg-reflcclor waveguide lasers operating near 1.5 
urn by etching a grating in\on-cxchangcd waveguides. Each laser in the array operates at 
a different wavelength. The slope efficiencies as a function oflaunched pump power arc 
26 % and the thresholds occur ^ approximately 50 mW of launched pump power. 
Temperature tuning of the wavelengths is also demonstrated. 




1. IntroducfioD 

Waveguides in rare-carlh-d^pcd materials for lasers and amplifiers have been 
fabricated using a number of different methods. These include thermal and field-assisted 
ion exchange in bulk-doped silifcatc and phosphate glasses t'-*J and film deposition of 

several rarc-earth-doped diclc^tfic rilms\hat are formed into optical channel waveguides. 

\ 

Film deposition or fomiation methods include rf sputtering, f" '"' plasma-enhanced 

\ 

chemical vapor deposition,"" flame hydroljsis,"*^ ion implantation. ^'^^ laser ablation, ^'^^ 

\ 

and sol-gel depositionf'^l In this paper we restrict our discussion to waveguide lasers that 

are formed by ion-cxchaugc in Yb/Er-codoped aiid Yb-dopcd phosphate glasses. We 

\ 

report on the development of tlic glass used to fabricate waveguide lasers and present 

\ 

recent measurement results for waveguide lasers. Tfiese measurements include slope 

\ 

efficiency and threshold, wavelength tuning, relative intensity noise and linewidth for 
single frequency distributed Bragg reflector (DBR) waveguide lasers. We conclude this 
paper with a brief discussion of a method to optimize the performance of waveguide lasers 
using a combination of experimental results and theoretical Aedictions. 
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2. Experimental Procedures 
2. 1 Devetopment of Pho^hate Glass 

Perhaps the most cmtical slop in tlic development of a robust waveguide laser 
technology is the design andVealization of a suitable laser glass thai supports ion 
exchange. The laser propertied that must be engineered in the glass include the absorpti 



ion 



and emission cross sections of the laser transition and the absorption and emission cross 

sections of the optical pump energy level. The spontaneous emission lifetimes must also 

be optimized for the laser and pump^transition with the laser transition lifetime relatively 

long and the li fetime of the pump level as short as possible. Laser operation is also 

\ 

improved by reducing or eliminating tHe effects of cooperative upconversion. In codoped 
glasses, such as Yb/Er-codopcd glass^the energy transfer efficiency from the sensitizing 
ion must be maximized. Yb codop^^i^^^ij^Er in phosphate glasses can provide near unity 
sensitizing efficiencies. 

In addition to optimizing the rare-earth ion spectroscopic properties, the glass must 

\ 

have properties that allow the fabrication of channel waveguides. The most common wav 

\ 

to form waveguides in bulk glasses is the process of'ion exchange, where alkali ions in the 

glass are exchanged for ions with larger polarizabililyAthus causing an increase in the 

\ 

refractive index near the glass surface. Such a process requires that the starting glass 



contain alkali-oxidc components such as NaaO or K2O. At\he same time, the chemical 

\ 

treatments employed in conventional waveguide fabrication by lithographic technology 
demand that the host glasses offer chemical durability so that substrate surfaces arc not 
degraded during the processing of devices. 

A final requirement for waveguide laser glasses is that the rare-earth doping 

\ 

concentration be as large as possible to reduce cavity lengths and modb-volumes. It is 
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important that the dopiAg concentration of the active rare earth ions be variable in 



a 



manner such that it can bte altered without significantly altering the base glass matrix. 
Without this feature, each ^ping level can possibly represent a unique processing 
challenge as processing con<|ilions may need to be adjusted to accommodate changes in 
base glass properties. 

Based on the requirements set out above, we developed a glass that had both good 

laser and spectroscopic properties and good properties for ion exchange. The resulting 

\ 

glass composition, (with tlic comincrcial designation IOG-1 "'J), is given in mole percent 

oxide in Table 1. AI2O3 is added chieHy to increase durability since phosphate containing 

\ 

glasses with P2O5 content higher than 50 mole percent are normally react with molten salt 

\ 

baths and the other processmg chemicals used in waveguide preparation (i e to remove 
ion diffusion barriers). The inj^oration of a high total lanthanido content (denoted as 
R2O3 in Table 1) also contributes to cnh^iccd chemical durability and allows for variation 
m active ion concentration with minimal impact on glass properties. The alkali oxide of 



V 

4 



choice is NazO since the sodium ion is know]i to be very mobile in glass and because 



sodium ion also exchanges well with potassium or silver for waveguide preparation. 

\ 

All glasses were meUcd using high purify raw materials. Transition metal content 

\ 

in the glasses was estimated at 20 ppm Fe and less tlian 1 ppm for all other common 

\ 

transition metals. Lanthanum, erbium, and ytterbium rare earth compounds were selected 
to nnnimize the introduction of otiicr lanthanide elements (less than 1000 ppm total). 
Melting and refining temperatures were typically 125o\to 1350 °C, with refining periods 
of 2 to 3 hours. Produced glass was cast into molds andVmiealed at 530 "C for 2 hours 
and cooled to room temperature at 30 **C/hr. Cast blocks Vere then used to prepare 
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Characterization samples for refractive index, density and residual hydroxyl content at 3 0 
urn and 3.333 (.im. The measurements of index and density allowed calculation of 
estimated index values at lasink wavcIengUis and number density allowed calculation of 
estimated index values at lasingWavelcngths and number density of rare earth input 
content using standard techniques. t'«J Absorption at these wavelengths was monitored and 
held to levels of less tlian 1.0 cm'^^nd 1.8 cm'', respectively. 
2.2 Spectroscopic Measurements 

Yb/Er-codoped and Yb-doped lOG-lVlass samples with were prepared for measurement 
of spectral absorption. Both glasses were doped with Yb concentration of 



4x10 cm aaid the codoped sample contained 1 x 1 0^° cm"^ Er ions. The dimensions of 

\ 

the characterization samples were^^n tliick, 21 -mm tall and 10 mm wide. The 

absorption spectra were measurj^sii^ automatic spectrophotometer. The emission 

\ 

cross section spectrum for the erbium ions wa^s calculated using the theory of McCumber 
as applied by Miniscalco and Quimby '^"5 using the measured spectral absorption. The 
Yb emission cross section was obtained from me\surcd spontaneous emission spectra and 



scaled to give the measured radiative decay rate. l[o measure the emission spectra, the 
samples were pumped at a waveleiigih of 974 nm anV the spectra were recorded using a 
0.3-m triple giating spectrometer. 

The lifetime of the ''1,3/2 Er laser manifold in thexodopcd glass was measured in 
the limit of vanishing excitation power by chopping a 97^ nm pump laser beam at 50 Uz 
using an acoustooptic modulator. The florescence decay liear 1550 nm wavelength was 
observed to dctemiine the 1/e lifetime. The lifetime of the \s,2 Yb level was measured 
similarly by observing florescence decay near 974 nm. 
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2. .? Waveguide Laser Fabrkation Process 

Waveguide lasers were fabri^tcd in Yb/lir-codoped and Yb-doped IOG-1 phosphate 
glasses. The Yb/Er glass was doped with 1.15 wt % ErjOj (1.0xl0'° ionsW) and 4.73 
wt % Yb203 (4.0x 1 iof,s/cm4 For the Yb-doped laser, the glass was doped with 4.73 
wt % YbiOa (4.0x10^° ions/cm^).\waveguides were formed by K^Na* exchange through 
channel apertures ranging in width from 3 to 8 \xm. The apertures were etched in a 200 
nm thick AI mask layer. The exchailge was pcrfomied in a crucible containing molten 
KNO3 at 375 for 4 h. The Yb/Er iLcr results reported below are for a waveguide 
formed using a 6.5 jini mask aperture and the Yb laser results are for a 3 ^im mask 
aperture. 

A distributed Bragg reflector sWace relief giating was fabricated on a comb of 

eleven waveguides using a separate codVpcd specimen in a 0.5 ^m thick layer of 

\ 

photoresist. A 90" corner split a collimated laser beam into two beams for a holographic 
exposure. f^U 71,^ exposure angle was set to write a grating with a period of A - 507.8 nm. 
For a waveguide with estimalcd effective iAdex of 1.515 ±0.003, this period was 
calculated to provide laser operation at X =1538.6Vm ± 3 nm. During the development of 

the photoresist, the diffraction of light from a 63^8 nm HeNc laser was monitored. 

\ 

When the flrst-order-diffracted power reached a myimum. the grating was removed, 
rinsed, and dried. 

Before transferring tlie photoresist pattern into the glass by Ar-ion sputtering, we 

deposited 40 nm of Cr on the surface with the specimen inclined 60° to Hic electron-beam 

\ 

evaporation source. Mounting tlie specimen in this way causVs Cr to accumulate only on 

\ 

the tops of the grating lines and not in the grooves, thus providing a durable etch mask 
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We etched the grating in tlic gl^s for 20 minutes using a reactive ion etching system with 
6.67 Pa (50-mTorr) Ar-ion plasrAa. The low-pressure plasma created a large self-bias 
voltage of 1 700 V when nmning k 365 W of coupled power with frequency 13.5 MHz. 
The electrode spacing was 3.2 cm. lAfler being etched, the sample was cleaned 
ultrasonically in photoresist slripperyt 85 "C. Figure 1 shows a schematic of a completed 
DBR laser array. 

2.4 Waveguide and Laser Measurements 

\ 

Several measurements were pei formcd to dctennine the properties of the ion 
exchanged waveguides. The refractive iiidex as a function of position within the sample 

transverse modes of the waveguide's \^^re ificasured by coupling light into one end of the 



waveguide and imaging the light eWrgiftg from the other end onto a calibrated infrared 



camera. 



we 



To test the Yb/Er-codoped Fabiy-Pcrot lasers (lasers with no etched gratings), 
typically pumped the waveguides using a tunabIc\Ti: A1203 laser. Figure 2 shows a 
schematic of the laser measurement setup. PlacinAbroadband dielectric mirrors on the 

polished waveguide end faces formed tlie laser cavities. The mirrors were held in place bv 

\ 

small spring clips with index matching oil between the end facet and the mirror, The 



pump laser light was launched tlirough one of the mirrdrs with a 4X microscope objcctiv 

\ ■ 
The laser output and unabsorbed pump light were collimatcd with a 16X microscope 

objective and separated using filters. The mirror through which the pump light was 

\ 

launched had a reficctance of >99.9 % and 15 % at 1 .54 andiO.96 \xm, respectively. The 
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output coupler had a reflectance df 80 % at 1 .54 and 1 5 % at 0.96 nm. Neither the 
waveguide length nor the cavity output couplings were optimized. 

The Yb-dopcd waveguide laLr was tested using a setup similar to the one shown 
in Fig 2. The Yb'* device was 1 0 mniin length. 7 he pump-input mirror had a reflectance 
of 50 % at 950 nm and 98 % at 1030 nik Two output couplers with transmitlances of? % 
and 21 % at 1020 nin were invesligated.Whese output couplers had reflectances of 32 % 
and 34 % at 950 nm, respectively. \ 

The configuration shown in Fig 2 >5ras also used to evaluate the slope efficiency 

and threshold of a Yb/Er-codopcd DBR lask The DBR grating was used as the output 

coupler instead of the end mounted niii^or. T?o investigate the longitudinal mode structure 

/ > i 

of the laser xvc coupled the laser output into ail optical fiber scanning Fabry-Perot 

interferometer with a free spectral rangVqf 1 24lGHz. 

I 

We measured the linewidth of tlie DBR liscr using a conventional sclf-hetcrodync 
configuration with a 75 MHz frequency shift. 'ke path length difference between the 
t^^'o anns in the self-hcterodync system was 10 km/corresponding to a linewidth 
resolution limit of 30 kHz for a Gaussian line shape. 'pJ Optical isolators were used in 
both arms to prevent optical linewidth nanowing due t*o feedback; however, the output 
end of the laser was not beveled. 

Several other laser paiameters were measured forVhe DBR laser. We measured the 
laser wavelengths of other waveguides on the chip using k automatic spectrum analyzer 
with a resolution of 0.1 nm to determine the variation in wavelength as a function of 
diffusion aperture width. The excess relative intensity noisc\RIN) of the DBR laser 
formed with an 8 diffusion aperture between 0.1 and 1.1 GHz was measured using a 
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shot noise calibrated RIN measurement system that employs a rf spectrum analyzer. A 

gratmg-stabilized. 974-nm pigiailecfi laser diode sei-ved as the pump source. Light fiom the 

pump was coupled to a waveguide laser using aspheric lenses. The output power of the 

DBR laser was set to 2 mW for tlie measurement. The wavelength of the DBR laser was 

\ 

temperature tuned by varying the temperature of the laser chip from 30 '*C to 80 using a 

\ 

resistive heater in contact with the waveguide mount. 
3. Experimental Results 
S.l Spectroscopic Results and Lifetimes 

Figure 3a shows the spectral dependence of absonition and emission cross sections 

■\ 

of the erbium ions in Yb/Er-codoped IOG-1. The peak emission cross section of the Er 



using this method was found to be 6.6 x 10"^' cini" at 1542 nm. The measured upper slate 




lifetime of the '1,3/2 Er manifold was4r4asurcd be 8.1 ms in the limit of vanishing 
excitation power. Figure 3b shows if^e spectral dependence of the absorption and 



em' 



ission cross sections for lOG-1 glass doped with a Yb concentration of 4 x 10^°cm•^ 



The peak emission cross section ofihe ""Vm laser manifold is 1.27 x lO'^" cm' and occurs 
at a wavelength of 974 nm. The radiative lifetime of\hc ^¥,a level was measured to be 
1.4 ms. The peak absorption cross section was at 974 riin and was 1 .28 x 10'^° cm'. 
Uncertainties in tliesc reported cross sections arc < 20 %. A discussion of the Yb-Er cross 
relaxation eflicicncy will follow in the discussion section. 

t 

3n2 ff^avegulde Meastitemeni RifMitts 

Visual inspection of the waveguide samples after the ioh exchange revealed that 

\ 

regions of the glass surface corresponding to the location ofithe mask openings had 
become recessed by approximately 1 pm during the exchangdprocess. The widths of the 
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recessed channels were close to tl^ widths of the mask apertures and uniform in width and 
depth. The surface quality of the glass in the recessed regions, observed using a lOOOx 
Nomarski contrast microscope, appears identical to the original surface of the glass and 
apparently does not cause significaiilWattering losses, llie waveguide end faces were 
polished perpendicular to the channels. The final sample length was 22 mm. 

Figure 4 shows the refractive index depth profile obtained from the refracted rav 

\ 

measurement method at the center of the waveguide formed with the 6.5 ^im mask 
aperture. The data was taken using a waJjplength of 635 nm. The spatial resolution is ~1 

urn, and the uncertainty of the absolute index value is -0.001. The index profile indicates 

\ 

a maxmium mdex change of 0.008 that is typical of potassium-sodium ion exchange. 



The waveguide supported a ^ifig^e transverse mode having dimensions of 16 \im 
wide by 1 1 |.im deep (measured at \he^,iy^twinV of intensity profile) at 1540 nm. It 
supported multiple tiansvcrse modes at 980 mn.\Howevcr, when the devices were lasing. 
the pump energy was confined primarily within u\p lowest order transverse mode, which 
had dimensions of 13 ^lm wide by 9.5 ^m deep. The uncertainty of the mode dimensions 



determined using this method are ~10 %. 



V 

\ 



3. 3 Yb/Er Fahry^Perot Waveguide Laser Measurement Results 

V 

The laser output power as a function of coupled pump power for the 22 mm device 

V 

pumped at 960 nm. is shown in Figure 5. We estimated the coupling efficiency of the 
incident pump power to be between 65 and 71 %, including losses due to the transmittancc 
of the input mirror and launching objective. The coupled pump power shown on the x- 

axis in Figure 5 was calculated based on a 71 % coupling cfHciency. The uncertainty of 

\ 

the power measurements are estimated to be 5 %. The threshold pump power was 23 
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mW, and the slope efficiency wis 28 %. One end of the waveguide was accidentally 

chipped during our cxpcrinienls and necessitated the repolishing of the end face. The 

output powers as a function of coupled pump powers of the resulting 20-mm long 

waveguide laser, when pumped at 979 nm. are also shown in Fig. 5. The launched pump 

power threshold was 51 mW. and a niaximum output power of 170 mW was obtained for 

610 mW of launched pump power. Afithese power levels, there was no change in the 

slope efficiency as a function of pump power, suggesting that tlic Yb ions are not 

\ 

saturatmg as they do in Yb/Er-codoped silica fiber lasers. '^''^ 

\ 

The Yb/Er-laser usually operated ?t several wavelengths simultaneously. A typical 

\ 

laser spectrum showing simultancoy^Ttopcraiion at 1.536, 1.541. and 1.545 ^m is depicted 
in Figure 6. The laser spectrum cbi^A^shift^ in wavelength by passing some of the 
collimatcd 1 .5 laser output through a prism and reflecting it back through the prism 



and into the waveguide using a dielectric mirror. This operation fomicd a weakly 

\ 

coupled, external cavity. The cavity is shown in Fig. 7a. Rotating the output coupler 
mirror produced wavelengths ranging from 1 536 la 1595 nm. 

Tunhig of the laser was also accomplished using the extended cavity configuration 

\ 

shown m Figure 7b. We used a first order grating with a reflectance of 0.6 for the laser 

output coupler. We rotated the grating and could tune the laser from 1 525 mn to 1564 nm 

\ 

when the coupled pump power was 280 mW at a wavelength of 980 nm. The laser output 
power as a function of wavelength is illustrated in Fig. 8a, \Three representative spectra of 
the laser arc shown in Fig. 8b. 

S.4 Yb-dopcd waveguide laser measurement results 
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The laser output poweV as a function of launched pump power is shown in Fig 



ure 



9. Tlie launching efficiency ol^he pump for these measurements was 45 %. For the 7 % 

output coupler, the threshold when pumped at 949 iim was 18 mW of coupled pump 

power. For the 21 % output coupler, tlie threshold pump power was 25 mW, and up to 

\ 

120 mW of output power was obtaiJicd. The slope efficiency was 67 % when based on 
coupled pump power. 

Like the Yb/Er laser, the Yb laser typically operated at several wavelengths 

simultaneously. At lower pump powers, the longer wavelength transitions dominate due 

\ 

to ground state re-absorjitjon losses. whi,ch arc larger at shorter wavelengths. As the 



pumpmg mtensity m the waveguide increases, the Yb-ion ground slate population and 

hence the ground state re-absorption loss is reduced, and the shorter wavelength 

/ - j\ \ 

transitions, which lie closer to thep($3l^t^e Yb'* emission cross section, are favored. 
The Yb-doped waveguide laser was tiined by reflecting some of the collimated 

laser output power back into the waveguide using the first-order reflection from a 

\ 

diffraction giatiiig having 1200 grooves/mm. Thb cavity was similar to Fig 7b Rotating 

\ 

the grating tuned the laser continuously from 986 liin to 1050 nm. 
3.4 Single-frequency Yb/Er-codoped DBR lasers 

Figure 10 shows the DBR laser output power as aVunction of launched pump power 
and the spectmm of the laser. The waveguide diffusion aperture for this waveguide was 8 
Mm, The slope efficiency as a function of launched pumij power is calculated to be 26 »/« 
when we take the pump coupling factor to be 7 1 %. 

We estimated the reflectance of tlie grating using the si^nplified laser formula derived 
from the theory of Rigiod:'^^^ 
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m 




(2). 



where /», is the oulpul powfer at the grating end and P2 is the output power at tlic end 
opposite the grating. is Ui^ grating reflectance and R2 is the reflectance of the attached 
mirror. We used two mirrors With reflectances of 80 and 90 percent for ;?2. For both 

cases wc calculated the grating reflectance ^1 to be 65 percent 

\ 

Figure 1 1 shows that the laser operated on a single longitudinal mode when the 

\ 

coupled pump power did not excecd^OO mW. The laser was robustly single frequency 

that a second longitudinal mode appeared when the coupled pump power exceeded 300 
mW. In Uiis pump regime, the laser was\unstablc and exhibited mode hopping, single- 
frequency operation, and dual-fiAtfency operation. By measuring the frequency spacing 
between the longitudinal niode(ye determined thai the effective physical length of the 

laser cavity was 1 .4 cm. \ 

\ 

Figure 12 shows the self-heterodyne spectrum. The laser lincwidth wc obtained from 

this measurement was 500 kHz. Seven of the eleven waveguides on the chin exhibited 

\ 

laser oscillation. The waveguides formed through the smaller apertures did not achieve 
threshold because the smaller mode volumes caused iircduciion of the gain such that the 

35 % transmittancc loss of the grating could not be overcome. Table 3 shows the laser 

\ 

operatmg wavelengths as wc scamied the comb ofwaveguides that had diffusion aperture 
widths ranging from 5 to 8 ^m. In general, the wavelenglhWreases as the diffusion 
aperture width increases, which is consistent with increasing'effective index as the 
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aperture width increases. ^ visible defect was apparent on waveguide No. 4 that caused a 
deviation from the trend. 

The results of the RIN mcasuienicnls are shown in Figure 13. Figure 13a shows that 
the RIN dropped to less thaii -\l50 dB/Hz for frcqueneics above -0.5 GHz. The data have 
not been smoothed. We estimate the uncertainty in the RIN to be 2 dU/Hz. By measuring 
the relative amplitude noise (with respect to the noise floor) between 100 kHz and 10 
MHz, we found that the rejaxalion\oscillaliou peak was located near 350 kHz. as shown in 
Fig. 13b. These noise measurements arc consistent with those of Er-doped fiber lasers, 
and we expect lower RIN when thp-lascr is operated further above Ihreshold.'^'^J 

The wavelength as a functioh oij temperature is shown in Fig. 14. The tuning range for 
the test laser varied linearly fro^ii^^^iei^^ to 1536.8 nm for a change in wavelength A\, 
of 0.8 nm. This tuning range matches well^with the predicted tunability of the laser of 0.6 

nm over 50 C. T he prediction is based on the thermal expansion coefficient of the glass 

\ 

and the change in rcfi active index as a function of the change in temperature, and is 
approximated by the following equations: 



AA.S2A — AT + 2nA 
AT 



where A is the grating period and n is the refractive index of the glass. The wavelength 
stability as a function of temperature is roughly 15 iimes\smaner than that of typical 

iconduclor DFB lasers.'"' Thus the temperature control requirements for maintaining 
a stable wavelength arc relaxed. 



scmi 
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4. Discussion 

It is important to note that Ihc lengtlis of 22 mm and 20 mm are not optimum 
lengths for these Yb/Er-codopcd waveguide lasers. Using a waveguide laser simulation 
tool, wc predicted the laser output^characlerisUcs as a function of length and waveguide 
mode-field size. The simulation is\bascd on a phcnomenological model which 

incoqioratcs the Yb/Er laser rate equations on a tlirce dimensional grid, the forward and 

\ 

backward propagating laser signals, ^d the forward propagating pump signal. '"^ The 



propagating intensity profiles wer&approximaled by elliptical functions that approximated 
tlic measured transverse laser nfodfydimensions and the fundamental pump mode 
dimension. The glass and lase^rameiK;s wc used in the model are listed in Tabic 2 
T„. Vb-B, CO. ...au., cooniciem ( ^ .He eoop..«ve .,pco„ve.io„ cocfnoien, 

> 

1 

(Cup) were the fitting parameters. Reasonable approximations of otlicr laser and 
waveguide parameters based on actual measur^cments and analyses were used for other 
quantities. Figure 5 shows Ihu actual laser data^^compared to results of the laser 

i 

simulation. We used Ccr- 3.5xlo '^ cmVs and (\ = 2.5 xlO ^cmVs to obtain the best fit 

\ 

Usmg Cc, and the approximate equation for cross relaxation quantum efficiency, 



from reference 6, we calculated the cross relaxation quantum efficiency to be 97 a 

\ 

typical efllcicncy for phosphate glasses/^ Iii this equation, we assumed that the lifetime, 
T32, is approximately 2.8 ^is. 



15 



Simulations using diWej enl waveguide laser lengths ranging froin 1 to 2 cm were 

pcrfomied. Figure 15 shows lu)w the output power varies as a function ofcavity length for 

several output coupling reflectances ranging from 80 to 95 %. and constant laser pump 

power of 500 mW. Pigiirc 16 shows the output power as a function of mode width, mode 

depth and output mirror reflectivity for optimized waveguide lasers. The best solutions arc 

\ 

color-coded m red; these ranged from 1 75 to 185 mW continuous wave output, assuming a 

nominal cavity length of 1 cm and launched 974-njn pump power of 500 niW. The 

\ 

optimum solution has an output mirror reflectance of 82.9%, a laser mode field with 

\ 

duncnsions 6 ^m by 12 jim, and a continuous-wave output power of 184 mW at 1.54 ^im. 
The optimization used an adaptive simulated annealing algorithm^^"^ , driven by a 
waveguide solver f^'J aIld^^yi^sel^^ modeP'^. Details of the optimization 

method will be presented in a later paper. 




5. Conclusions 

In summary, we have presented an introduction to the development ofphosphate- 

\ 

based laser glass for the fabrication of waveguide lasers. Recent results obtained for 

\ 

Vb/Er-codoped waveguide lasers formed by ion exchange in lOG-l base glass show a 

\ 

dramatic miprovemcnt over previously demonstrated waveguide lasers. The lasers 

\ 

presented m this paper have produced output powers in the 1500 nm telecommunication 
window approaching 200 mW without saturation.\ Slope cmciencics of 28 % have been 
achieved. Wavelength tuning has been perfomicd over 70 nm using external cavities. 
Simulations of Yb/Er-doped waveguide lasers indicated tliat further improvement of laser 
performance is possible by optimizing output coupling, cavity length, and doping 
concentrations. Low-noise DBR lasers that operate on a single longitudinal mode at 1536 
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nm have been fabiicaled aiL tested. The fabrication process can be applied to the 
manufacture of monolithic l^er arrays with wavelengths conforming to the ITU grid for 
wavelenglh-division-mulliplexed telecommunications. In addition to these results, wc 
have demonstrated Yb-doped waveguide lasers in phosphate glass operating over a 
wavclaigth range of 986^ 1 050 nm. These demonstrations of efficient integrated optical 
lasers clearly show thaiy^eguide lasers are a promising new technology that can be used 
in many applications thai have previously been the domain of semiconductor laser 
sources. 
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Table l:IOG-l Base 
Glass Composition 
(mole %) 

P2O5 

A1203 
R203\ 

= £\Rare Earths 



60 
24 
13 
3 
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Tabic 2. Parameters used to model the Yb/Er codoped waveguide laser 



'aram 



rii 



Length of Wavfeguide Laser Cavity 
Signal Field di am el cr«i (elliptical Me full width) 

Pump Field diameters (felliptical, \le full width) 

\ 

Signal Effective Index 

Pump EfTectivc Index 

\ 

Spontaneous Emission ^Lirelimc of I 13/2 



St imulatcd Emission Cross Section @ 1540 nm 

Absorption Cross Section @1540 nm ( ^1 15/2 -^113/2) 

\ 

Er Pump Absorption Cross Section @ 977 nm 

( ^h$n-hif2) 

Yb Absorption Crosses ectioh @ 977 nm 

( 

Yb Emission Cross Se 




\ 



Yb-Er Cross Coupling Coefficient Ccr 



Upconversion Coefficient Cup 
Signal Wavelength 
Pump Wavelength 
Er Ion Density 
Yb Ion Density 
High Reflector Reflectance 
Output Coupler Reflectance 
Nonradiative Lifetime of Level \\m 
Excess Waveguide Scattering Loss 




L = 2 cm 
Wbx^ 1 6 (am, Wsy == 1 1 |,im 
Wpx=13 ^im, Wjy = 9.5 ^im 
ns= 1.515 
np ^1,515 
X21 = 8.1 ms = I/A21 
021 = 4.62x10-^' cm^ 



ai2- 4.13x10'^* cm^ 
ai3 = L9xl0"^' cm' 



a56= 1.04x10-'° cm' 



0^5= 1.19x10-'^ cm' 
Pilling parameter, see text 
Fitting parameter, see text 

\ - 1540 nm 
^p-977nm 
Ner= 1 xio'^ cm*' 
Nyb-4xl0'" cm-^ 
Ri = 0.9995 
R2 ^ 0.80 
t32=2.8 us = I/A32 

ttj, = OJ dB/cm 
ttip = 0,2 dB/cm 



Table 2. Vcascy 
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Table: 3. :List of waveguides Amask aperture widths, and corresponding DBR laser output 
wavelengths 



Waveguide 

2 
3 
4* 

5 
6 
7 



Apertyre width (m) 



• observed defect in sumpic 



Table 3. Veasey 



fi. 




Wavelength (nm) 

T536;U2 

1536.09 
1536.05 
1536.15 
1536.26 
1536.24 
1536.32 



Q 

a : 



20 



jan zo»uu lO'^i j*»i0.uuo r.z^ 




21 



■ GLASS TECH R8.D 



DRAFl DRAFT D 



Jan 26,00 16:22 No. 006 P. 23 



R= 



R=80 % 

@ t540 nm 




99.9 % 
1540 nm 



1540 nm 
output 



< 


■ft- 












980 nm 
pump 



microscope 
objective 





microscope 
objective 



Er/Yb:phospliate 
waveguide 



Figure 2. Veasey 



22 



iiLnu I I bLHi>6 i cLn K(xiJ 



DRAFl DRAFT D 



jan 2b. UO lb:22 ho. 006 P . 24 



i^pr 



ti : 
I) - 



CM 



E 




CM 



6 



c 

o 



4 



o 
a> 

CO 

(0 
Q 

O 



0 



a) Er?'*"Cross Section Spectra 



T 



1300 




Absorption 
Emission 



Figure 3a. Veasey 



ri 1" 

1400 \:1500 1600 1700 

feiyelengh (nm) 



180 



CM 



E 
o 




1 - 



o 

Q) 

(0 

2 0 



o 



b) Yb^^Cross Section Spectra 



Absorption 
Emission 



A'kerr\= 29 nm 



700 




1 — — T~i — r 1 ^ ■■■■7>..>. ^ r 

800 900 1000 \l100 1200 

Wavelength (fim) 



130 



Figure 3b. Veasey 



23 



T GLASS TECH R&D 



Jan 26,00 16:22 No. 006 P. 25 



DRAFT DRAFrDRSrr 



D^: 




526- 



524 




.520- 



518 



516 



i 



Waveguide 
Top Silirface 



0 



Fl 




Resolution Limit 



"1 r 
10 



"1 — I — TTT — I — I — I — I — 1 — r 

20 30\ 40 50 60 

Position (|j,m) 



7 



Figure 4. Veasey 



24 



SCHOTT GLASS TECH R&D 



Jan 26,00 16:23 No. 006 P . 26 



DRAFT DRAFT D 




t i :! 



180 
160 



E 140- 




120- 



o 

J; 100 

O 
E 



60- 

40 J 



20- 



0 



+ 




\ 



11 



J L_L 



1 



J — I I I L 



179 nm Pump. 
20 mm waveguide. 
960 nm Pump, 



+ 



22 mm waveguide. 
Theonetlcal. 



+ 



+ 



V 



+ 



0 + 

*o + 

+ 



Output Coupling =20 % 

Efficiency =28 % 




100 200 300 \400 500 600 

Power (mW) 



Figure 5. Vcascy 



25 



DRAFT HRAFTD 



\ 

\ 




26 



I \ O l_ (~l I U. V- l"l l\ 1>F 



DRAFl DRAFT D 



*joiii nu.uuu r.^v 



mirror 




r^igurc 7a. Vcasey 



mirrors 



prism 




980 nm 



pump 



microscope 
objective 





microscope 
objective 



Er^b.'phospliate 



wa\^eguide 




27 



SCHDTT GLASS TECH R&D 



DRAKr DRAFT D 



Jan 26,00 16:23 No. 006 P. 29 




1540 nm 



output f j^rst order 

grating 
reflection 
- 6t) % 




grating 



FH 3 



Figure 7b, 



lens 



\ 




\ 



mirror 




980 nnfi 
pump 





microscope 
objective 



Er/Yb:phosphate 



waveguide 




28 



DRAFr DRAFT D 



E 



o 

0. 

a 



20 



15^ 



10h 



O 5- 



0 



280 mW pump power 
150 mW pump power 



1520 




1530 1540 1550 1560 

Wavelength (nm) 



157 



Figuie 8a. Vcasey 



29 




FigHie 8b. VcHscy 



30 



SCHOTT GLASS TECH R&D 



DRAFT DRAFT D 



Jan 2b .OU 16 :24 No .006 P 




E 



o 



o 

E 



CM 



150 



125 



100- 



75- 



50 



25 



0 



' ■ ' ' M' ' ■ ■ ' ' ' « ' I I ■ ■ ■ I ■ I I t 



21 %output coupling 
67 % slope efficiency 




0 



I I I » I » I I \ ' I I I I I i 1 I I I I I 

50 100 \ 150 200 25 



Launched Pump Power at 960 nm (mW) 



Figure 9. Vcascy 



31 



DRAFT DRAFT D 



J din ZDiUU ID'ZD INO.UUO r . oo 



fl i 



r"3 



E 



I 

o 



100 



CD 



75 H 




-5 50H 
O 

25- 



0 



0 



15^36 1538 

Wavelength (nm) 




t 



♦ 



Slope = 26 % 




4^ 




1 r 



T — I — I — I — I — I — r 



50 100 150\200 250 300 350 400 



Launched Pump Pvower at 977 nm (mW 



Figure 10. Vcascy 



32 



DRAFT DRAFJ D 



CO 

o 
(0 



CO 

o 



Q. 



o 



o 



5 ^ n 

3 ^-'i* 



X."-: 



o 

CL 



Spectrum Analyzer FSR 




124 GHz 



Pp > 300 mW 



Cavity Sweep 





Figure n. Veasey 



33 



O ^ i""! k_f I i O ^ O O d W . . ,\'^m^ 



DRAFT DRAFT DR 



E 



Figure 12. Veascy 



Hi 



s 

CO 



C 




75 MHz 
Frequency (500 kHz/div.) 



34 



•^0,11 ^Of^^ XVJ'^O l*1LJ«t>i,>>lw>0 I aOO 




SCHOTT GLfiSS TECH R8.D 



Jan 26,00 16:26 No. 006 P. 37 



DUAFT DRAFT DR 




ft : :: 



u 

¥ 



s 

0) 



a> 

o 



3 



Q. 

E 
< 



o 




3 4 5 6 7 8 

Frequency (MHz) 



10 1 



Figure 13b. Veasey 



36 



SCHUl 1 bLHSS mLn K^J 



jan ^b.UU i<o-Zb iSO.UUb r'.id 



c: 



t : ;i 



DRAFT DRAFl D 



1537,0 



O) 

c 
> 



O 

OH 



E 

c 1536.8 



1536.6 - 



1536.4 



1536.2 - 



1536.0 



J L 



J 1 I I I t i 








T I ' — r\ — ' 1 — I — I — I — r 

30 40 50 60 70 80 

Temperature (^C) 



Figure 14. Vca.scy 



37 



SCHDTT GLASS TECH R8.D Jan 26,00 16:27 No. 006 P. 39 




38 



DRAFT DRAFT DR^Il' 

\ 

References 

[1] M. Saruwaiari and T. Izawa, Appl. Phys. Len. 24, 603 (1974). 



[2] K.J. Malojie, N.A. Sanford, and J.S 
(3] 



t4] 



[6J 



.Hayden, Electron. Len. 29, 691 (1993). 
liJ'Ti Mwarania, J. Wan^, L. Reekie, J.S. Wilkinson. IEEE Photon. Tcchiiol. Lett. 4, 



D. Barbicr. J. Hubner, J.M. Jouaimo, A. Kevorkian^ A. Lupascu. Post deadline Conf Dicesl 
European Conf On Tuiegratcd Optics ^1 993). ' 

[5] G.L. Vossler, C.J. Brooks, and K.A. Wiiiik, Electron. Lett. 31, 1 1 62 (1995). 

J.E. Roman. M. Hempstead, W.S. Brocktesby, S. Nouh, and J.S. Wilkinson P C^my C 
noS^r**"''* ^"^ ^ neg""i. Post deadlinAConf. Dige&l, European C^nf. On Integrated Optics. 

[7] p. Foumicr. P. Meshkinfam. M.A. Fardad, M.P. Andrews, and S.I. Najafi, lilectron. Lett. 33, 293 

[8] RD. Patcl B.C. llonca, D, Krol. S.A. Payne. J S. Haydeu. Conf. Digest. OSA Advanced Solid State 
Laser Conference, p. 338, (1999). \ 

[9] J. Shmulovich. A. Wong. Y.H. Wong, P.C. Becker, AJ. Bruce, and R. Adar. Eleciron. Lett 28, 
1 (1992). ^ 

[10] Y.C. Yen, A J. Faber> II. dc Waal, P,G. Kik. and X. Polman, Appl. Phys. Lett 71. 2922 (1 997). 

[II] S. Guldberg-Kjacr. J. Hubncr, M. Kristenseii. C. Laurent-Lund. M. Kysholl Poulseu and M W 
Sckcrl, Electron. Led. 35, 302, (1999). > - . 

/■ 

112J T. Kilagawa, K. llaiton, M. Sliitiiizu, Y. Cflimori, M.^Kobayashi, Electron. Leu. 27, 334 (1991). 



[13] G.N van den Hovcn. R.J.l.M. Kopcr. A. PoUan. C. van Dam, J.W.M. van Uffelen, and M.K. Smil 
Appl.Phys. Leu. 68, 1886(1996). \ ' 

■ \ 

^"'^ Ballesleroii, M. Jimenez de Castro, J. Solis. and C.N. Afonso, J. Appl. Phys. 84. 

[15J M. Bcnatsou, B. Capoen, M. Bouazaoui. W. Tchana, and J^P. Vilcot, Appl. Phys. Len. 71, 428 
(1997). ^ 

\ 

[16] A>. Obaton. J. Bernard. C. Parent. G. LeFlcm, J.M. Fernandez-Navarro, J.L. Adam, M.J Myers G 
Boulon, Conf, Digest. OSA Advanced Solid State Laser Conference, p. 335, (1999) ' 

\ 

[17] lOG-1 laser glass, Schott Glass Technologies, Inc.. 400 York Avenue, Duryea. PA. The IOG-1 

trade name is used lo allow the leader lo reproduce die cxpcriiriem and docs not imply cndorsenienl 
by the National Instilulc of Standards and Technology. \ 

[ ^ S] Laser Glass: Nd-Doned Glass Sncctroscopit- fi nd Physical Pfooertics . Lawrence Li vcmiore 
National Laboratory, M-095, Rev. 2. November 1981 . 

[19] D.E. McCuinl>ei, Phys. Rev. 134. A299, (1964). 
1^0] Mmiscalo and R.S. Quimby, Optics. Led. 16, 258 (1991). \ 

39 



SCHDTT GLASS TECH R&J 



jan 2b, UU ib'-zc i\0.UUb r\ul 



DRAFr DRAFl D 



[21] D.L, Veasey, K.J. MaloneAJ.A, Ausi. N.A. Sanford. and A. Roshko. Conf Di^jcst, Proc. 7*** Eur. 

Conf. n TiUegratcd. Opiicd p. 579, Delfl, (1995), J.E. R man and K.A Winick, Anpl. Phys. Lett 
61,2744(1992). ^ 

[22] L. Li, M. Xu, G.I. SlegcniaiJ^ C I*. Scalon. SPIK Proc. 835, 72 (1987) 

[23] N. H. Fontaine and M. Young. "Refracted near-field scanning of fibers and waveguides," submitled 
to Appl. Optics. \ 

[24] D.ll. McMahon, W.A. Dyes, A Lightwave Tcchnol 6, 1 162 (1 988). 

[25] J.W. Goodman, Staiisticaf^OpUcs, Wilcy&Sons, 1985, p. 168. 

[26] W.H. Loh. B.N. Samsc^Xl^ong, G.J. Cowle, and K. Hsu. J. Lightwave Tcchnol. 16, 1 14 (1998). 

[27] W.W. Rifirod, J. Appl. Phys\6, 2\87 (1965). 

[28] E. Miskovic, Photonics Spectra 33, 105 February (1999). 

\ 

[29] n.L. Vcascy, J.M, Gary, and J, Aniin\ SIMB Proc. 2996. 109 (1997) 

\ 

[30] L, Ingbcr. "Adaptive Simulated Annealing (ASA)," Global 

optimization C-code, Lester Inghei Research, Chicago, IL (1993), 
URL htUy/Avww.im£bcr.coiii/A^ASA-CO DC 

[31]: R.E. Smith, S.N. Houde- Walter and G.W. Forbes, J. Quan.Eleclron. QE-28, 1520 (1992). 



40 



DRAFT DRAFT D 



Figure Captions 
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Fig. 1 . Distributed-Bragg-rcnecior wavct^uide laser array realized using a single pitch grating and 
diffused waveguides witli varying eficctive index. 

Fig. 2. Schematic of Fabry-Perol waveguide laser test bed 

Fig. 3. a) Emission and absorption cross sections as a function of wavclengtli for Er^^ ions in IOG-1 

phosphate glass. Spectral emission\was calculated using the method of McCuniber. b) Emission 
ond absorption cross sections as a function of wavelength for Yb^* ions in IOG-1 . A>i^„ indicates 
the spectrum width as defined by -!o{k)d\/o{k^). 

Fig. 4. Refractive index dcpU) proFilc, measured at 635 nm, of an Er^Vvb^' phosphate glass waveguide 
obtained using a refructcd near-field scanning method. 

Fig. 5. 1540 nni outj^ut power as a function oApump power for a 20 nun and a 22 nwn long Er'^'/Yb^' 

waveguide lasers. 20 nun long device J^as pumped al 979 nm and the 22 nun device was pumped 
at 960 nm. Also shown is a Oicoretical fit to the data using a waveguide la.scr model. 

Fig. 6. Typical multi-wavelenglh output spectrum for Fabry-Pcrot waveguide lasers. 

Fig. 7. Extended cavity designs used for tuning of waveguide lasers, a) prism-Tuned weakly coupled 
cavity, b) grating-tuned extended cavity. \ 

Fig. 8. a) tuning curve obtained for grating-tuned Fabiy-Perot waveguide laser. Solid hncs connect the 
points as a guide lo the eye, b) typical muUiwavclcngth output spccuum of F-P waveguide laser. 

Fig. 9. Output power as a functiot) of coupled pump power for a Yb^doped waveguide laser operating at a 
wavelengdi of 1.02 ^im. The solid line represems the best linear fit to the data from which the 
slope efficiency was derived. \ 

Fig. 1 0. Single frequency laser output power at 1 536.3i nm as a function of launched 977 mn pump power. 
The dotted line represents die besjjfficar fit tolllie data from which the slope efficiency was 
derived. I hc inset shows the sp^^^h^r the DBR laser on a linear scale. 

Fig. 1 1 . 1-abi-y Pcroi (FP) intcifciomeijpf ica\of Uie DBR laser output showing single frequency operation. 
Insel shows dual frequency operation for pump powers (Pp) exceeding 300 mW. Longitudinal 
mode spacing is 7.2 GIIi:» concsponding to an optical cavity length of 1 A cm. 

\ 

Fig. 12. Self heterodyne beat spectrum at 75 MHz. The full-width, half-maximum linewidOi is 
approximately 500 kHz. \ 

Fig. 13. a) Relative intensity noise (RIN) in the frequency band from 0.1 to 1.1 GH?. using a shot noise 
calibrated RTN system, b) uiicalibratcd amplitude noise specUum showing relaxation oscillation 
noise peak near 300 kllz. The lower curve represents the noise floor of the measurement system 

\ 

Fig. 14. Wavelength of DBR waveguide laser as a function of temperature. Dotted line is for the aid of the 
eye in following the wavclengtli trend. \ 

Fig. 15. Simulated laser output power as a function of laser length for several values of output coupler 

reflectance, b) simulated laser output power as a function of mode-field diameter for a 1-cm long 
laser cavity. ^ 

Fig. 16. Output power as a function of waveguide mode width andtheight at 1,54 yim and output mirror 
reflectance for optimized waveguide lasers. Range of output powers in mW is indicated by color 
bar. 
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Rigorous scalar modeling of Er and 
ErAI'b-doped waveguide lasers* 

David L. Veasey'^ , John M. Gary, and Jaymin Amin 
National Institute of Standard\ and Technology, Boulder, CO 80303-3328 

iSTRACT 

A rigorous scalar model for predicting the characteristics of rare-earth-doped waveguide lasers has been developed. The 
model consists of two nonhomogeneous wave equations: one for the forward-propagating laser signal power, the other for 
the backward- propagating laser signal. These equations are coupled with one forward-propagating, nonhomogeneous wave 
equation representing the pump signal. The three wave equations are coupled with the space dependent laser rate equations 
to form a system of time dependent differential equations. This large system of equations is solved, using appropriate initial 
and boundary conditions, by the method of lines using collocation for the spatial approximation. The solutions to this 
system yield data which predict the time and position-dependent laser signal power, pump power, and population densities 
in a waveguide laser cavity supporting an arbitrary guided mode. The assumptions made in this new model are that the 
transverse field maintains the same shape as a function of longitudinal position in the laser cavity and that the effects of 
spatial hole burning and standing waves are neglected. We have used this model to predict continuous wave and Q- switched 
laser performance for Er and ErAHD- doped lasers. We have achieved favorable comparisons with actual laboratory operation 
of cw Yb/Er-co-doped waveguide lasers. Results from simula^tions of Er-doped and Yb/Er-doped Q-switched lasers are 
presented which show that high peak powers on the order of 500 ^ and 1 ns pulse widths can be achieved. 

Keywords: waveguide, laser, Q-switch, erbium, ytterbium, modeling, ion-exchange, sources 

^ RODUGTION 




Over the past several years, there has been considerable interest In the development of solid state waveguide laser 
sources in dielectric materials such as bulk glasses,*'^ dielectric films,Aand electro-optic hosts such as LiNbOj and LiTaOj 
The interest in such sources has been motivated primarily by the successful deployment of erbium-doped fiber amplifiers in 
optical communication systems operating in the 1.55 rpm band. Rare-earth-doped glass waveguide lasers offer several 
advantages over their semiconductor laser counterparts. These advanta^ges include lower manufacturing costs due to relaxed 
fabrication tolerances over semiconductor lasers, broad wavelength tun^bility, inherently low relative intensity noise (RIN), 
and narrower laser line widths. In addition, the beam profiles and nur^erical apertures can be nearly exactly matched to 
optical fibers. They also exhibit high energy storage capacity which is necessary for high-power pulsed operation. One of 
the primary limitations of planar waveguide devices is that they require short cavity lengths. This means that optically 
pumped thresholds are somewhat higher than for fiber lasers where the^lengths can be arbitrarily extended. In order to 
overcome this problem, several different approaches can be pursued. One is to increase the doping concentration of the 
active ion. This increases the gain per unit length of material, thus l^^wering thresholds. However, when doping 
concentration is increased, there is a risk in most host materials of concentration quenching. This causes severe performance 
degradation because of increased cooperative up-conversion. " Other solutions for the optimization of waveguide laser 
sources include optimizing host materials, cavity design (by judiciously ^choosing cavity lengths and output coupler 
reflectivities), pump coupling, and the pumping rate (through the introduction of co-dopants such as ytterbium (Yb) with 
erbium (Er)). It is also very important to carefully design the waveguide index profiles so that they yield ideal mode fields 
and overlap for the signal and pump waves. In order to achieve ideal performance, one must be careful to do all of the 
above simultaneously. This exercise is clearly not trivial since one is dealii^g with a many-parameter, highly nonlinear 
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system. For these reasons, we have developed a laser model to accurately predict waveguide laser performance for 
continuous wave and pulsed operation modes. IThis predictive design tool allows us to determine optimum waveguide laser 
design which will lead to useful, and reliable manufacturable products. 



3. T] 



MODEL FORMULATION 



In our model, we have attempted to realistically model a waveguide laser by making as few assumptions as possible 
while maintaining practical computer run times ^or the simulation. A picture of a typical waveguide laser and cavity is 
shown in Figure 1 . 
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Figure 1 . Schematic onlaser cavity to be simulated 

We have started from basic differential calculus using a ^semi-classical approach to derive the wave equations which 
accurately describe propagation in a waveguide laser cavity. \ A similar derivation of the wave equations was presented by 
Millonni and Eberly.'^ We also use the semi-classical laser rate equations which are coupled with propagating signals in a 
laser cavity. The model we have developed for multiple frequencies and a multi-energy level system is described in this 
section. \ 

The model is grouped into two specific types'of equations. These are time dependent scalar wave equations and 
time/space dependent laser rate equations. The ^^3ve\equat|ons describe mathematically the forward and backward 
propagation of the optical frequencies in the laser cavity. For si^iplicity, we have included only two optical frequencies in 
the model presented in this paper. These are the laser signal frequency at 1=1542 nm and the pump signal at 1=980 nm. This 
simplification produces three first order wave equations: one for the forward-propagating laser signal, one for the backward- 
traveling laser signal, and one for the forward-propagating pump signal. The computer code can accommodate other 
frequencies simply by adding additional wave equations for each wavelength and direction of propagation. 
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are coupled with sets of time-dependent laser rate equations, in which the energy level population densities, N; = Ni(t,z,r,9) 
are functions of time and position. The rate equations are 
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These equations describe the rates at which rare-earth ion energy levels in the material are populated and depleted by 
absorption, stimulated emission, and spontaneous emission as functions of longitudinal and transverse dimensions. This set 
of equations was presented by Pasquale. *^ The number ot rate equations in a set is determined by the number of energy 
levels one wishes to track in a simulation. For the Er/Yb-co-doped system in this paper there are six time-dependent 
equations in a set which means we are tracking six energy levels. There are two time-dependent conservation equations in 
this system. It is straightforward to alter the rate equation set to account for other interesting energy level transitions. This 
provides great flexibility for modeling many rare-earth-doped lasers and amplifiers. The transverse dependence of the 
propagating mode fields is accounted for by sampling a Ixansverse field solution or measured transverse field for a 
waveguide as a function of two transverse dimensions. At each sample point a set of laser rate equations is introduced into 
the model to account for the interaction of the transypi^ field with the stationary ions in the host material. 

and P" are the forward and backward-pTOffiagating laser powers as a function of longitudinal position in the laser 
cavity. Pp is the forward-propagating pump poweij/Tn the las^r cavity. The pump power, in this case, is assumed to be 
launched from the end opposite the output couplei^hKjh has reflectance, Rj. The optical intensity (in W/cm^) of the laser 
signal is 'P\z, t ) | EJj, 9) p , where | Eg |^ is the normalized intensity distribution and has units of cm'^. The pump signal P^ 
is treated in a similar fashion. The N/s are the population densities of the various energy levels in the ErATb co-doped 
material. N, is the %5f2 ground state of Er, N2 is the laser le^vel of Er, N3 is the '*Iii/2 980 nm pump level for Er, N4 is 
the '*! 9/2 800 nm pump level and upconversion level of Er, N5 is the ^Fyj ground state of Yb, and Ng is the ^F5/2 pump level of 
Yb. Figure 2 shows an energy level diagram for the ErAT3- co-doped system. The Yb pump level is shown as split to 
illustrate that it has very wide energy range. 
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Figure 2. Energy level diagram for ErAns-co-doped laser host. 



Cup is the cooperative upconversion coefficient from the Er '*Ii3/2 laser level,\Cup3 is the cooperative upconversion coefficient 
from the Er "^I, ,/2 980 nm pump level, C„ is the cross relaxation coefficient oranet forward coupling from the Yb ^F5/2 level to 



the Er ''I11/2 level, and Cj^ is the cooperative Idown-conversion coefficient or the opposite of cooperative upconversion. The 
A's are the nonradiative spontaneous emission rates from the first subscript energy level to the second subscript energy level, 
c is the speed of light in vacuum, ng is the efffictive index of the laser mode, np is the effective index of the pump mode, and 
tts is the gain coefficient as a function of longitudinal position and time inside the laser cavity. 

The second term on the right side of equations (1-3) represents the contribution or loss of power in the laser line 
width due to stimulated emission or absorptioniand excess waveguide loss at each point z and time t. no x hIq represents the 
number of nodes in the transverse dimensions ^nd the two-dimensional grid on which intensities are sampled and on which 
the Nj's are calculated. 

The gain or loss coefficient is commuted after Bjarklev"^ by calculating the overlap integral of the normalized 
propagating power distribution and the population density and then multiplying by the emission or absorption cross sections: 



Y^/z, t) 4 ^2i\\^N2\E,f dA, 
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<32\ and a, 2 are the emission and absorption cross sections of the host material at the laser wavelength. The normalized 
intensity propagating in the waveguide is assumed to be independent of z, and is normalized by requiring that: 
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possible to add other position dependent losses in this term which are 
ation. For example, a position and time dependent term can be added 



is the waveguide loss coefficient, which is subtracted to account for excess waveguide losses from scattering and 
absorption not due to the rare earth ions. It is ai^ 

functions of fabrication parameters or cavity co, ^ x . ^ 

to account for mirror losses or localized losses from wavegiiide loading or for an intracavity coupler. 

The pump absorption coefficient ttp is calculated ^similarly by computing the overlap integral of the ground state 
populations for the Er ions and the Yb ions with the normalized pump intensity jEpp and multiplying by the pump absorption 
cross sections, giving: 



Y,3(z,0= a,3j[iV,|4|'^^ 



(8) 



is the excess absorption and scattering loss at the 980 nm pump wavelength. The pump intensity | Ep p is normalized in 
the same way as the signal field, and is written as 
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The third term on the right side of equations (1) and (2) represents the contribution of spontaneous emission to the 
propagating optical power. T21 is the spontaneous emission lifetime of the laser level. The coefficient B^^ is given by 

Bsp = r[chvs, 1| (10) 

where r| is the efficiency of spontaneous emission in the laser line width and is approximated by the ratio of the waveguide 



numerical aperture solid angle to the solid angle of a sphere times the integral over frequency of the equivalent spontaneous 
emission spectrum. hUj is the energy of a single laser photon. This approximation of spontaneous emission is similar to the 
equivalent bandwidth approximation described py Bjarklev.^"* 

W12, , W56, and are the\stimulated emission and absorption rates as a function of longitudinal and 
transverse dimensions and are given by 
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We have not included other energy levels in the model as of yet but have plans to add other levels as (outlined by 
Desurvire ) to the Er model. This will allow consideration of excited state absorption (ESA) and its effect on device 
performance. Each additional energy level adds an extra equation to the rate equation set for each transverse field sample 
point. \ 

Equations (l)-(4) must be solved simultaneously witn appropriate initial conditions and boundary conditions. These 
conditions determine the laser or amplifier state in which the system will operate. For the laser model, the initial conditions 
are assumed to be 



P+(z, 0) = 'p-(z, 0) = 0, 



\ 



(12) 



Nj{t = 0) = NEr . N2x^{t = 0) = Oi^,{t = 0) = Ny^, N^{t = 0) = 0. 

These conditions assume that the laser system is initially at rest and that the pump wave has propagated a single cavity length 
without significantly affecting the population densities in the sample. This is done to avoid sharp discontinuities in the initial 
condition for the pump. ^ 

Boundary conditions are imposed on the values of P\ P', and as follows: 



P^iO, t) - R,p-{0, t) = 0\ 
P-{L, t) - i?2(e^"^«'^^'")^"(^' ^) V ^' 



(13) 



PP{0, t) - Ppo = 0. 

R, is the reflectance of a highly reflecting mirror at the pump input end of the laser, Rj is the reflectancd of the output 
coupler for the laser, and ol^^^ is the time-varying absorption coefficient i^or an arbitrarily thin absorbing switch placed in the 
laser cavity just inside of the output coupling mirror. L^at is an effective length of the thin absorber providing the switch with 
an extinction of exp(- otsatL^at). Ppo is the pump power launched at the input end of the sample and held constant from time 0. 
L is the length of the cavity. For cw operation a.^^^ is set to 0, and for Q-switched operation a^a^ is set to a function 
representing the dependence of the absorption coefficient on time. This is an approximate representation of active Q- 
switching. We could easily make the absorption coefficient of the switch a function of intensity, thus modeling passive Q- 
s witching with a saturable absorber without introducing any more complexity into the model. 

\ 

4. METHOD OF SOLUTION 



At this point our model consists of a large set of coupled integral-differential equations in the form of an initial 
value problem. The first step in the splution procedure is to transform the integrals so that they can be computed by a 
generalized Gauss-Laguerre quadrature formula. Using cylindrical coordinates to represent elliptical electrical fields given 

by 
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the integrals in equation (5) and (8) have the)form 
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This integral under the transformation s=2PD0Di^ and cp = 0, becomes 
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This is the form required for the use of Gauss-Laguerre quadrature in integration variable s. 
Once the number n^ of points, , used to approximate^^ the integrals in 5 is selected, then the location of the points and the 
corresponding weights for the quadrature are determined by a library routine. Then the integral over s is approximated by 



h ^ 4p(^^^- 
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(17) 



The Wj's are the weights generated by thef^qjladrature routine. The trapezoidal rule is used to approximate the integrals 
(p. Thus the problem is discretized over tte tr^sverse (s, (p) planes resulting in a hyperbolic initial value problem 
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The vector U(Zft) contains the values of the solution at the discrete points (Zj,Sj,(Pk); that is, U(t) =^(9^^ Pj', V-^, Nijj^, ...,N4ijk) 
forl<I<Io, 1 <j <no, 1 <k<mo. \ 

Next, an approximation by cubic Hermite collocation^^ is used to discretize these equations in the z-direction. First 
a set of nodal points Z; with Zj < Zj+i covering the length of the device is selected. The solution is represented by the value of 
the solution vector U and its spatial derivatives at each nodal point. These values determine a cubic polynomial in each 
subinterval (Zj,Zi+i). These polynomials are used to approximate the solution. The spatial derivatives, within each interval, 
are determined by differentiating these polynomials. Instead of representing U(z) by the values of U and its derivative at 
each node, it is convenient to determine the cubic polynomials by the values of U(z) at two Gaussian quadrature points in 
each subinterval. In addition the values U(0) and U(L) at the endpoints are needed. The Gaussian quadrature points and the 
endpoints are the collocation points at which the right side of the\partial differential equation is evaluated. This results in a 
system of ordinary differential equations (ODE); that is, a method-Spf- lines approximation.'^ Finally, the vector of unknovms 
in the system of ODE's is W(t) = ((P/, P^*, P/, Nj^j,,, ...,N4^j,k) where the P's approximate the value at the vth collocation 
point Zy. Here 1 < n < 2Io, therefore the total number of unknown^ functions is (3+nQmo)2Io. Typical computaions we use 
have Io=10, no=16, and m^^l, although we have used nio up to 12. This ODE system is solved using a public domain 
software package by Petzold. 



5. CONTINUOUS WAVE LASER RESULTS 

We have used this time dependent model to predict the performance of an Er/Yb-co-doped waveguide laser 
operating in cw mode and Q-switched mode. In both cases the laser is initially assumed to be in a rest state where all of the 
ions are assumed to be in the groundVate and the laser signal powers in the cavity are 0. The pump is turned on at t^-O and is 
assumed to instantaneously propagatd to the other end of the laser cavity without affecting the population inversion. This 
process in a 2 cm waveguide laser takeb approximately 0.1 ns. The solver is started at this point, and the laser cavity powers 
and energy level populations are tracked as functions of position and time. 

For steady state solutions, the code is run until the output power from the laser cavity reaches a steady state. Clearly, 
this is not the most computationally efficient way to solve for steady state laser performance if that is all we want. Since our 
primary purpose is to predict time response, we have not yet implemented a more efficient steady state computer code. 
During the period of below-threshold and above-threshold operation we resolve the time dependent powers in the laser cavity 
and the variations in population inversions! 

Figure 3 shows the predicted steady state output power for a waveguide laser as a function of coupled pump power 
and as the Yb concentration is increasedlfrom 3:1 to 10:1 while leaving the Er concentration constant. All of these 
simulations were done using 16 transverse nodes in s. Similar results are obtained by using only 7 nodes in the s dimension. 
Since the solutions for elliptical fields were^ typically within several percent of those using circular fields, we only used 1 
node in cp in order 
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Figure 3. Plot of predicted output power as a function of 
coupled pump power as the Yb concentration is increased 
while the Er concentration is constant at 1x10^° ions/cm^. 
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Figure 4. Comparison of theory and experimental data for the 
Yb/Er co-doped laser. Table 1 lists the bulk of the parameters 
used in the modeling of the laser device, with the 
upconversion rate (C^p) and the Yb-Er cross relaxation 
coefficient (C^r) as the variable parameters. For fit 1, C 
= 1x10 '' cmVs and C, =0.75x10-'^ cmVs. For fit 2, Qp=lxlO 



up 
-18 



cmVs and Ccr=lxlO''^ cmVs. Fit 3 represents Qp =0 and 
C =0.75x10-*' cmVs. 



to conserve computer time. Table 1 shows the values of the parameters used for these simulations. These parameters are close to 
those of a phosphorous free alkali-silicate glass which we refer to asWIST-lO. Parameters we were not certain of, like the stimulated 



emission cross sections for the ErAH^- co-doped material, we obtained by consulting the literature on Yb/Er and Er-doped glasses 
which are similar in composition to NIST-10. 2.3,11,13,20 other pararAeters such as waveguide near field profiles, absorption cross 



sections , and lifetimes have been measurecftand inserted into the model. 

It is not instructive to generate a\ curve like that of Figure 3 for variation in Yb concentration if the cross relaxation 
coefficient is left constant. This coefficient Qr is a strong function of Yb concentration and increases as the Yb concentration is 
increased. The primary reason for this increase is that the Yb ions, on average, move closer to the Er ions and thus the transfer 
efficiency is increased. Discussions of the enqrgy transfer in ErATb-co-doped glass are presented by Roman et al.^'^' They present a 
formula which can be used to determine the crqss relaxation coefficients. Upon using this somewhat approximate formula, one finds 
that for device in Roman, the C^r coefficient is aoproximately 0.5x10''^ cmVs. This calculation assumes a lifetime of the ^F7/2 Yb level 
to be 2.0 ms and the lifetime of the "1,1/2 Er levelito be 10 |j.s. Roman also indicates that the efficiency increases as a function of Yb 
concentration. For the data generated in Figure 3,\we have assumed that, as the Yb concentration varies from 2.47x10^° ions/cm^up to 
8.5x10^^ ions/cm^, the cross relaxation coefflcientuncreases linearly from 0.75x10 '^ cmVs to 5x10''' cmVs. These numbers are close 
to those deduced firom references 2 and 21 for aXsimilar glass composition. We intend to measure these parameters for various 
concentrations of Yb in the NIST-10 glass in the ve\y near future. If the transfer efficiency is left constant as the Yb concentration is 
increased, the performance of the lasers is actually degraded slightly due to decreased pumping efficiency for samples of equal length. 
The laser thresholds increase for higher Yb concentrations. This is due to the fact that, as the Yb concentration is increased, more of 
the pump is absorbed at the front end of the laser, thua the pumping of the output end of the device is reduced. This has the effect of 
increasing absorption losses in the laser cavity toward me output end, and thus the thresholds increase. It is clear from the simulation 
that doping concentration and sample length must be concurrently optimized. The curvature of the power curves is attributed to the 
gradual saturation of the upper Yb level as the pump poy^er is increased, as reported by Fermann, et al.^^ 

We have demonstrated laser operation in several NIST-10 waveguide samples doped with Er and with ErAT?. The 
waveguides were prepared by molten smt icfmexchangeu Details of the process will follow in subsequent publications. Figure 4 
shows a comparison of laboratory data Xvijn the predictions obtained from the simulation. To generate these theoretical curves, we 
used the Yb-Er cross relaxation coeffrcient and the uniform upconversion coefficient C^p as fitting parameters since these 
spectroscopic parameters have not yet been determined in^^ systematic way for our glass. The values we used for the fits are indicated 
on Figure 4 and typify values quoted in the literature for dopant concentrations used in the NIST-10 silicate glass.^'"' '^ For all of 
the fits, the waveguide excess loss at the 1542 nm laser signal wavelength was set at 0.15 dB/cm, which was slightly lower than the 
measured value of 0.2 dB/cm at 1300 nm. The excess los| at the pump wavelength was set at 0.3 dB/cm. These values represent 
what we think are realistic loss values for the pump and signal fields, given the values measured by the cut-back method at 1300 nm. 
Fit 1, represented by the solid line, is the closest of the three fits to slope efficiency and threshold, and we think that it falls within our 
experimental error. However, the error in our power measurements has not yet been fully characterized. Fit 2 shows the effect of 
increasing the cross relaxation coefficient slightly from 0.7^5x10"'^ cmVs to 1.0x10"'^ cmVs while the upconversion rate is held 
constant. This small change has the effect of increasing the output power of the laser due to increased pumping efficiency, however, 
the threshold is not changed significantly. This is most likely^due to the low propagation losses in the waveguides. Fit 3 shows the 
effect of eliminating uniform upconversion from the simulatioi^ while maintaining the cross relaxation coefficient at its original value 
of 0.75x10 '^ cm^/s. The effect of this is to increase the laser output power by a small amount, thus showing that the low upconversion 
rate used in the model does not significantly deteriorate performance. 

Figure 5 is a plot which shows how the slope efficiency and the threshold of this laser will vary as a function of the output 
coupler reflectivity. The experimental laser characteristics showmin Figure 4 are for an output coupler reflectivity of 98 percent. This 
operating point is marked on Figure 5 by the circled diamond. This operating point is good for low threshold operation, but is a poor 
for high output power. Note that this is a poor operation point if l?igh output power is desired, but is a point of lower laser threshold. 
A good compromise between output power and threshold would be to adjust the output coupler from 98 percent reflectance to 75 
percent. This would increase the slope efficiency nearly four times while only doubling the threshold. This is an excellent 
illustration of the necessity for an accurate laser model, in that it allocs for rapid design convergence for optimized rare-earth-doped 
waveguide lasers. 
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Figure 5. Plot showing the dependence of the laser slope efficiency (left axis) and the laser threshold (right axis) as a function of the 
cavity output reflectance The slope efficiency of me laboratory demonstration of the device is marked by the circled diamond. 

6. Q-SWIT^HED LASER SIMULATIONS 

Finally, we have used the time- dependent laser^simulation to model a Q-switched waveguide laser. We have used the cavity 
configuration of Figure 1 , in which the Q-switch is an active switch which is mounted onto the end of a waveguide facet. An 
integrated mirror is deposited on the back side of the -switch material. Such a switch is possible using a semiconductor multi- 
quantum-well structure. Again, the simulatiooisjoin witmthe laser system starting at rest but with the Q-switch closed or in the high 
absorption state. This allows the pump to i*g^idly create a\population inversion which is well above threshold for the laser when the 
Q-switch is opened. We have programmed the active Q-s^itch to open in 5 ns using a cosine s-bend function. The initial extinction 
was set at = -50, which holds the laser well below threshold with Lgat=0.5 mm. The coupled pump power was set to 200 mW and 
the system was pumped for 2 ms before the switch was opened. What makes our model unique from other Q-switch models is that we 
have not assumed that we have a high-Q cavity or a uniform ii^tensity in the cavity. We have not assumed a plane wave electric field, 
we include several levels and transitions instead of the typical two or three, and we track the saturation of the pumping intensity. In 
addition, we do not assume that the distribution of energy level population densities assumes the same shape as the pump or the signal 
field. The populations are allowed to vary freely as functions of position and intensities. 

Figure 6 is a family of Q-switch pulse simulations using the same parameters that were used in Fit 1 of Figure 4. These 
simulations varied only the output coupler reflectance. As the reflectance is decreased, a more nearly optimal point for the extraction 
of power is reached and the pulses narrow slightly and have highe Apeak powers. The optimum for this cavity length is approximately 
80 percent reflectance, resulting in a peak power prediction of 346 If the reflectivity is decreased beyond this point, the round trip 
gain of the cavity coupled with the average lifetime of a photon in the laser cavity causes the pulses to widen and have less peak 
power. We have not yet determined the primary factor that determines pulse width. We have found that many parameters are 
involved in pulse width determination. We have shown that the peak pulse power can be optimized further by decreasing the cavity 
length from 2 cm to 1 .4 cm. At this point, the optimum pulse is slighMy narrower in width and the simulated peak power is over 400 
W. Other important parameters which affect the pulses, such as near ^eld size, signal-pump overlap, Yb-doping concentration, and 
Er-doping concentration, are being investigated. 



7. SUMM. 



In summary, we have presented a detailed time dependent model for use in the simulation of integrated photonic waveguide 
lasers. The model treats the waveguide laser with very few approximations\^ Approximations which we do make are those concerned 
with the tracking of signal and pump phase. We do not track the phases ofyvaves propagating in the laser cavity. This prohibits us 
from predicting effects such as cavity standing waves and spatial hole burning, and the dependence of the population densities and 



intensities related to these effect 
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Figure 6. Prediction of Q-switch pulses ^^Ap^ the demonstrated Er/Yb-co-doped waveguide laser. The reflectance of the output 
coupler is varied from 98 percent to 65 percfe^tfe^The ^raph shows that the optimum pulse (highest peak power and small width) is 
extracted when the reflectance is optimizecMo 80%. Tlie FWHM pulse width for the = 98% pulse is 1.58 ns, the R2 = 90% pulse 
width is 1.5 ns, the R2 = 80% pulse width is 1.68 ns, and tl^e Rj = 65% pulse width is 2.32 ns. 

Other approximations we make are that the intensity distributions in the waveguide do not vary as functions of z or time and 
spontaneous emission is not discretized into many frequencies. The model in its present form, gives us the capability to accurately 
model waveguide lasers and amplifiers. We have successfully used the model in a predictive fashion to simulate laboratory results for 
continuous wave Yb/Er co-doped waveguide lasers. The fits from the simulation to the slope efficiency data are excellent using 
realistic values for all of the pertinent input parameters. \ 

In addition, we have reported the predicted Q-switched performance of ErATb-co-doped glass waveguide lasers and have 
shown that values of peak power can reach hundreds of watts f^r sample lengths of the order of 1-2 cm. These simulations have used 
parameters for fabricated waveguide lasers. We have not sufficiently investigated the design space and we strongly believe that more 
optimum designs can be achieved. An exhaustive investigation of the design space and the interplay among laser parameters is 
currently underway. Simulations not discussed here suggest that powers on the order of 1 kW can be achieved through the 
optimization of cavity design and the careful engineering of waveguide index profiles to maximize overlap of the pump and signal 
guided waves. ^ 

We anticipate that this model will be used extensively to model several different rare earth systems for laser and amplifier 
performance. This work will be done in order to optimize the designs of waveguide and fiber lasers and also to determine the most 
critical host parameters. In this way, the model acts as a metrology tool by indicating which parameters have the greatest effect on 
laser performance. These parameters can then be measured more Accurately to facilitate the development of more suitable host 
materials. These simulations have proven to be an invaluable tool for our current work in rare-earth-doped materials and devices. 
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Table 1 .If arameters used to model the EfAHd co-doped waveguide laser 




i^engin or waveg|iiae Laser oavity 


L = 2 cm 


Signal Field Width Ccircular eaussian \le FWi 


Wg — D. / jxiu cm 


Pump Field Width (circul|ir gaussian, 1/e FW) 


W =2 40x10"'* cm 


Signal Effectiv^e Index 


n^ = 1 .53 


Pump EffectiveVlndex 
— \ 


n^== 1.53 


Spontaneous Emission Lifetime of 

\ 


T21 = 1 1 ms = 1/A-,, 


Stimulated Emission Cross Section 1^542 nm ( Vy^/,-''/;^/, ) 


02, = 6.3x10'^' cm^ 


Peak Absorption Cross Section IsAnm ( %^n-%^n ) 


a,^ = 5 7x10'^' cm^ 

v-* ]2 • ' X V/ will 


\ 

Er Pump Absorption Cross Section 980inm ( "^L^n-L.n^ 


c»]3 i.ixiu cm 


Yb Absorption Cross Secti/ripSO nm\ -F,/.-"/^,/. ) 

— ^ — 


ac^ = 8 2x1 0'^' rm^ 


Yb Emission Cross Section 980 nm ( 'K^r-'Fj/-,) 


CT« = 11.9x10-^' cm^ 


Yb-Er Cross Coupling Coefficient G.^ 


Fitting parameter see text 


Upconversion Coefficient C,.„ \ 


Fitting Darameter see text 


Signal Wavelength \ 


* 

— 1 jM-z nm 


Pumn ^Vavplpn^yth \ 
i-ump wavelength ^ 


= 974 nm 


XjI njii J_-'Cllaliy 1 


N^j. 0-85x10 cm 


I u luii J^cnaiiy \ 


Nyb= 2.47x1 0'^'' cm"^ 


High Reflector Reflectance \ 


Ri = 0.995 


Output Coupler Reflectance \ 

— 4 


R2 = 0.98 


Nonradiative Lifetime of Level \ t 

i 


T32= 10 ms = I/A32 


Excess Waveguide Scattering Loss 


^ ^ 0.15 dB/cm 




\^ = 0.3 dB/cm 
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